
ABSTRACT 

 
MORSELLO, SHANNON CATHLEEN.  The Role of Temperature and Precipitation on 
Thrips Populations in Relation to the Epidemiology of Tomato Spotted Wilt Virus.  
(Under the direction of George G. Kennedy.) 
 

The influence of temperature and precipitation on spread of Tomato spotted wilt virus 

(family Bunyaviridae, genus Tospovirus, TSWV) in chickweed (Stellaria media), 

population growth of its’ primary vector, Frankliniella fusca (Hinds), on chickweed, and 

the timing and magnitude of F. fusca and Thrips tabaci Lindeman dispersal from winter 

hosts was characterized using population data collected during spring 2004, 2005 and 

2006, and trapping data from North Carolina and Virginia from 1997 – 2001 and 2004 – 

2007.  Frankliniella fusca populations on chickweed were suppressed immediately 

following rain events, but precipitation occurring in early May delayed senescence of 

chickweed and ultimately resulted in higher populations by the end of May.  Spread of 

TSWV within chickweed plots was directly related to the size of the immature F. fusca 

population in the plot. Regression analysis determined that temperature, total 

precipitation and number of days with precipitation during January through May 

explained 70% and 55% of the total variation in the numbers of F. fusca and 57% and 

63% of T. tabaci, respectively captured from 1 April – 10 May and 1 April – 31 May.  

Further analysis determined that temperature measured throughout the overwintering 

period positively influenced the number of dispersing F. fusca throughout Spring, and 

precipitation that occurred during late March, late April, early May and late May 

influenced the dispersal of F. fusca by killing immature larvae, suppressing adult flight or 

delaying senescence of host plants.  Additional models explained 60%, 74%, 68% and 



69% of the variation in the number of dispersing F. fusca captured during 1 – 15 April, 

16 – 30 April, 1 – 15 May and 16 – 31 May, respectively.  Validation resulted in weak 

correlations of observed and expected values for each trapping interval, but similar trends 

over time.  Future work developing risk models for thrips flights and TSWV on an area-

wide basis must be species specific and include additional parameters to better capture 

late-season host plant dynamics. 
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Thrips infestations are known to cause serious economic damage to many crops 

including cabbage, cotton, onion, tomato, pepper, peanut and tobacco.  Loss may be 

attributed directly to injury resulting from thrips feeding or oviposition as well as indirectly 

by transmission of plant viruses, such as Tomato spotted wilt virus (family 

Bunyaviridae, genus Tospovirus, TSWV) (North and Shelton 1986a, b; Shelton and North 

1986; Broadbent et al. 1987; German et al. 1992; Lewis 1997; Cho et al. 1995; Brecke et al. 

1996; Eckel et al. 1996; Gitaitis et al. 1998; McPherson et al. 1999; Garcia et al. 2000; Nault 

and Speese 2002).  Continuous thrips and TSWV pressure on crop production throughout the 

southeastern United States has increased interest in the factors that contribute to the spread of 

TSWV.  Although management tools are available for some crops, they are generally not 

fully effective and TSWV remains a serious problem.  A better understanding of the temporal 

pattern and occurrence of TSWV and its vector populations is required for future 

development and effective implementation of better management tools.   

Tomato spotted wilt virus and other closely related Tospoviruses have become serious 

threats to many agricultural, ornamental and greenhouse crops (German et al. 1992; Ullman 

et al. 1997; Moyer 1999).  Tomato spotted wilt virus was first reported in the mid to late 

1980s throughout the southeastern United States (Culbreath et al. 1991; Eckel et al. 1996). 

Tomato spotted wilt virus has a host range of >900 plant species, and is now cosmopolitan in 

its distribution.  It occurs annually in most agricultural areas of the southeastern US and 

commonly reaches destructive levels in tomato (Lycopersicon esculentum Mill.), pepper 

(Capsicum annuum L.), peanut (Arachis hypogaea L.) and tobacco (Nicotiana tabacum L.) 

(Cho et al. 1995; Garcia et al. 2000; Gitatis et al. 1998; McPherson et al. 1999).  
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Worldwide, TSWV is transmitted by at least eight species of thrips (Ohnishi et al. 

2006).  Transmission of TSWV to healthy plants occurs only if thrips vectors acquire the 

virus while feeding as first instars on an infected plant, after which the virus is passed 

transstadially to the adult.  Noninfectious adults that feed on infected plants are unable to 

subsequently transmit TSWV.  Thus, only plants that support a TSWV infection and are 

suitable reproductive hosts for thrips vectors can serve as sources for spread of TSWV 

(Ullman et al. 1997).   

Management has proven difficult because the virus and its vectors have broad 

overlapping host ranges, and incidence varies from year to year and location to location.  

Throughout the southeastern United States, the onion thrips, Thrips tabaci Lindeman, 

tobacco thrips, Frankliniella fusca (Hinds) and western flower thrips, Frankliniella 

occidentalis (Pergande) are considered to be common vectors of TSWV (Morgan et al. 1970; 

McPherson and Beshear 1990; Salguero Navas et al. 1991; Cho et al. 1995; Cabrera-LaRosa 

and Kennedy 2007).  During aerial trapping studies of dispersing thrips populations in the 

Coastal Plain of North Carolina from 1996 – 1999, 76,364 thrips were captured, of which 

only 7% were species reported to vector TSWV (Groves and Kennedy unpublished).  Based 

on these collections and additional field studies, F. fusca was identified as the most prevalent 

early-season vector of TSWV, when spread to crops is greatest (Groves et al. 2003).  In the 

fall, populations of viruliferous F. fusca disperse from senescing summer hosts to winter 

annuals growing in and around agricultural fields (Cho et al. 1995; Groves et al. 2001, 2002).  

Spread of TSWV among winter annual hosts occurs during late winter and early spring as F. 

fusca populations increase and results in an increase in the number of TSWV-infected hosts 
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that serve as the main source for spread to susceptible crops and summer host plants (Groves 

et al. 2001, 2002, 2003; Kahn et al. 2005).  During Spring, as temperature and day length 

increase, winter annual host plants grow rapidly, flower, set seed and, depending on moisture 

and temperature, mature as early as late April or as late as June.  Populations of F. fusca, 

which are concentrated on winter annual plants during this time, continually disperse as 

adults to other winter annual host plants, newly emerging summer annual host plants and 

newly planted crops (Groves et al. 2003).  Spread of TSWV within crops is related to the 

abundance of TSWV sources in an area, the size of the vector population and to the timing 

and intensity of F. fusca flights from TSWV-infected sources into the crops (Groves et al. 

2003; Morsello and Kennedy unpublished).  Many factors affect F. fusca dispersal, 

including: condition of host plant, population size and age structure, natural enemies, 

behavior, agricultural practices and weather conditions.   

It was thought that for successful long-term management of TSWV, reduction or 

elimination of local sources of inoculum may be required.  Considerable effort was devoted 

to identifying potential winter and summer sources of TSWV and defining potential 

reproductive hosts of vectors in North Carolina (Groves et al. 2001, 2002, 2003; Kahn 2005), 

but the list of hosts is overwhelming.  And at least some species, such as common 

chickweed, Stellaria media, which is abundant in the landscape, can produce large numbers 

of thrips (Groves et al. 2003).  Because the weeds hosts of TSWV and F. fusca host plants 

are widely distributed among numerous plant species and are abundant in agricultural and 

nonagricultural lands, TSWV source elimination through vegetation management is not 

practical.  A better understanding of the relationship between vector flights and virus spread 
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is essential to identify better control strategies.  Factors affecting TSWV spread among host 

plants, F. fusca population growth rate on host plants and the timing and magnitude of F. 

fusca dispersal from their winter hosts to spring crops and newly emerging summer annual 

hosts have not been characterized.  

In 2002, there were devastating incidences of TSWV & record high thrips 

populations throughout the southeastern USA, but in the following year the thrips 

populations and incidence of TSWV were very low (Southern et al. 2007).  Based on records 

from the National Oceanic and Atmospheric Administration, weather conditions during those 

years were very different (http://cdo.ncdc.noaa.gov/dly/DLY).  The Fall of 2001 was dry and 

winter annual hosts emerged late, after summer hosts had senesced, leaving thrips 

populations and TSWV with only available perennial hosts to act as the ‘bridge’ between 

summer and winter seasons.  Tomato spotted wilt virus incidence for the following Spring 

was expected to be low because of the very limited overlap time between successional hosts 

in Fall 2001.  However, the late winter and spring of 2002 continued to be exceptionally 

warm and dry, and there were record high thrips populations and TSWV incidence.  The Fall 

of 2002 was wet with early emergence of winter annual hosts.  TSWV incidence for the 

following Spring was expected to be high due to high TSWV incidence during the previous 

year resulting in a greater proportion of viruliferous thrips dispersing when summer and 

winter hosts overlapped in Fall 2002.  However, the late winter and spring of 2003 continued 

to be exceptionally wet and thrips populations and TSWV incidence was very low.  

Developmental degree-days for F. fusca, based on a 10.5ºC developmental threshold (Lowry 
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et al. 1992), accumulated from January 1 – May 31 totaled 705.3 in 2002 and only 559.2 in 

2003.  Rainfall from 1 January – 31 May totaled 37.8 cm in 2002, but 60.7 cm in 2003.   

Temperature and rainfall have long been viewed as important factors affecting the 

population dynamics of thrips.  Franssen and Huisman (1958) observed significantly lower 

populations of Thrips angusticeps Uzel during rainy and cool seasons than during hot and dry 

seasons, presumably due to high larval mortality and slower population growth rates (Kirk 

1997).  Increased temperatures throughout the spring result in greater thrips activity and 

population growth (Davidson and Andrewartha 1948; Taylor 1963; Logan 1976; Lowry et al. 

1992; Lewis 1997; Kirk 1997; Pearsall and Myers 2001).  Heavy rainfall has been reported to 

negatively affect thrips populations (Bailey 1933, 1934) by killing larvae (Kirk 1997) and 

suppressing adult flight (Lewis 1997).  However, rainfall may also positively influence thrips 

population growth by delaying senescence of winter host plants during late spring allowing 

more time for thrips to proliferate.  Presumably, delayed senescence would also extend the 

period during which viruliferous thrips disperse from infected winter hosts and spread TSWV 

to crops and other host plants.  Therefore, we would expect the incidence of TSWV in winter 

hosts, the size of F. fusca populations on winter hosts and the number of F. fusca dispersing 

from winter hosts to be influenced positively by increasing temperature and negatively 

impacted by greater rainfall throughout most of the spring.  However, we would also 

anticipate late spring precipitation that delays senescence of winter annual hosts would at 

least partially off-set the negative effects of spring rains.   

The objectives of the work reported herein was to characterize the influence of 

temperature and precipitation on TSWV spread among host plants, F. fusca population 



 
7 

growth rate on host plants and the timing and magnitude of F. fusca dispersal from their 

winter hosts to spring crops and newly emerging summer annual hosts. 
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Temperature and Precipitation Affect Seasonal Patterns of Dispersing Tobacco Thrips, 

Frankliniella fusca, and Onion Thrips, Thrips tabaci (Thysanoptera: Thripidae) Caught on 

Sticky Traps.   
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Abstract 

Effects of temperature and precipitation on the temporal patterns of dispersing 

tobacco thrips, Frankliniella fusca, and onion thrips, Thrips tabaci, caught on yellow sticky 

traps were estimated in central and eastern North Carolina and eastern Virginia from 1997 

through 2001.  The impact that these environmental factors had on numbers of F. fusca and 

T. tabaci caught on sticky traps during April and May was determined using stepwise 

regression analysis of 43 and 38 site-years of aerial trapping data from 21 and 18 different 

field locations, respectively.  The independent variables used in the regression models 

included degree-days, total precipitation and the number of days in which precipitation 

occurred during January through May.  Each variable was significant in explaining variation 

for both thrips species and, in all models, degree-days was the single best explanatory 

variable.  Precipitation had a comparatively greater effect on T. tabaci than F. fusca.  The 

numbers of F. fusca and T. tabaci captured in flight were positively related to degree-days 

and the number of days with precipitation, but negatively related to total precipitation.  

Combined in a single model, degree-days, total precipitation and the number of days with 

precipitation explained 70% and 55% of the total variation in the number of F. fusca captured 

from 1 April through 10 May and from 1 April through 31 May, respectively.  Regarding T. 

tabaci flights, degree-days, total precipitation and the number of days with precipitation 

collectively explained 57% and 63% of the total variation in the number captured from 1 

April through 10 May and from 1 April through 31 May, respectively.   
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Introduction 

Thrips infestations are known to cause economic damage to many crops including 

cabbage, cotton, onion, tomato, pepper, peanut and tobacco.  Loss may be attributed directly 

to injury resulting from thrips feeding or oviposition as well as indirectly by transmission of 

plant viruses, such as Tomato spotted wilt virus (family Bunyaviridae, genus Tospovirus, 

TSWV) (North and Shelton 1986a, b; Shelton and North 1986; Broadbent et al. 1987; 

German et al. 1992; Lewis 1997; Cho et al. 1995; Brecke et al. 1996; Eckel et al. 1996; 

Gitaitis et al. 1998; McPherson et al. 1999; Garcia et al. 2000; Nault and Speese 2002).  The 

continual pressure of TSWV and thrips damage on the production of peanut, tobacco and 

other solonaceous crops in the southeastern United States has increased interest in the 

ecology of thrips vector species (Hobbs et al. 1993; DuRant et al. 1994; Eckel et al. 1996; 

Prins and Goldbach 1998; Groves et al. 2001, 2002, 2003; Wells et al. 2002; Kahn et al. 

2005).     

Throughout the southeastern United States, the western flower thrips, Frankliniella 

occidentalis (Pergande) and the tobacco thrips, Frankliniella fusca (Hinds) are considered 

important vectors of TSWV (Morgan et al. 1970; McPherson and Beshear 1990; Salguero 

Navas et al. 1991; Cho et al. 1995).  The role of the onion thrips, Thrips tabaci Lindeman, as 

a competent vector has been disputed over the last few years (Wijkamp et al. 1995), but 

recent studies indicate that at least some populations transmit TSWV effectively and could 

play a role in the primary spread of TSWV in Europe and in the United States 

(Chatzivassiliou et al. 1999, 2002; Cabrera-LaRosa and Kennedy 2007).  The seasonal 

population dynamics and dispersal of thrips vector species in the southeast and mid-Atlantic 
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regions of the US also have been described on several non-crop and crop host plants during 

the cropping season (Barbour and Brandenburg 1994; Chamberlin et al. 1992; Eckel et al. 

1996; Groves et al. 2003; Kahn et al. 2005; McPherson et al. 1992, 1999; Nault et al. 2003).   

In North Carolina, where F. fusca is the predominant early-season vector of TSWV, 

both the virus and its thrips vectors overwinter on winter hosts growing in and around 

agricultural fields (Cho et al. 1995; Groves et al. 2001, 2002).  Populations of F. fusca 

overwintering on winter weeds typically begin to increase in April and peak in late May 

(Groves et al. 2001, 2003, Morsello and Kennedy unpublished).  On crops such as tobacco, 

tomato and pepper, thrips populations typically peak in late-May to early June (Eckel et al. 

1996).  In a 4-year study, Groves et al. (2003) observed peaks in the number of dispersing F. 

fusca adults caught on yellow sticky traps during May or early June, although the number of 

F. fusca varied among locations and years.  They also observed that the seasonal patterns of 

TSWV-spread corresponded with the number of F. fusca caught on yellow sticky traps.  

Factors affecting F. fusca capture on yellow sticky traps during dispersal from winter hosts 

and into crops have not been quantified. 

 Temperature and rainfall have long been viewed as major factors affecting population 

dynamics of thrips.  Davidson and Andrewartha (1948b) reported that the abundance of adult 

Thrips imaginis Bagnall found in flowers during spring was determined largely by natural 

population growth, the influence of weather throughout the season on thrips multiplication 

rate and the influence of current weather on thrips activity.  Temperature influences 

population dynamics principally because it affects the developmental rate of insects (Logan 

et al. 1976).  Rainfall tends to negatively affect thrips populations (Bailey 1933, 1934) 
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because heavy precipitation events can kill larvae (Kirk 1997) and suppress dispersal (Lewis 

1963).  In contrast, rainfall may positively impact thrips population growth and dispersal by 

delaying senescence of host plants (Chapter 2), allowing more time for thrips to proliferate 

and ultimately colonize crops.  Based on these studies, we would expect dispersing thrips 

populations to be positively affected by increasing temperature and negatively affected by 

heavy rainfall throughout the spring.  However, we also expect the negative effect of heavy 

rainfall might be at least partially off-set by a positive effect of frequent rain resulting from 

delayed senescence of non-crop hosts.   

 This study was conducted to determine and quantify the effects of temperature and 

rainfall on the number of F. fusca and T. tabaci caught on yellow sticky traps in Spring.  

Frankliniella occidentalis was not included in our analyses because too few specimens were 

collected.  Using thrips aerial trapping data collected during the spring seasons of 1997 

through 2001, we evaluated the influence of temperature (developmental degree-days), the 

amount of precipitation and the number of days in which precipitation occurred on the 

numbers of F. fusca and T. tabaci caught on traps from 1 April to 31 May, when the 

populations were dispersing from winter hosts and infesting summer hosts, including newly 

planted crops.  

 

Materials and Methods 

Aerial Trap Collection.  From 1997 to 2001, thrips spring dispersal was monitored 

along field borders at 21 locations in central and eastern North Carolina and eastern Virginia.  

Trapping was initiated before crops were planted.  In North Carolina the fields were planted 
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to tobacco, soybean or cotton during the trapping period.  In Virginia, the fields were planted 

to tomato (Fig. 1).  Traps in North Carolina consisted of cylindrical yellow (John Deere 

Yellow Model 981®, Spray Products Corp., Norristown, PA) PVC pipe (7.5 cm length X 2.5 

cm diameter) wrapped with Tanglefoot-coated plastic wrap (Great Lakes Integrated Pest 

Management (IPM), Vestaburg, MI), and fastened to a wooden dowel 1 m above the soil.  At 

each location, four traps, separated by 10 m, were arranged in a linear pattern along one side 

of the field to avoid interference with any cultural practices.  Any vegetation within an area 

of ca. 0.4 m2 surrounding each trap was removed.  Between 1 April and 31 May, traps were 

replaced at ~7-d intervals. Recovered traps were returned to the laboratory where the coated 

plastic was removed from the PVC cylinder and sandwiched between two pieces of 

transparent plastic wrap (S.C. Johnson & Son, Inc., Racine, WI) (Groves et al. 2003).  

 In Virginia, yellow sticky cards (7.6 cm X 12.7 cm, both sides exposed) were fastened to 

trellis supports in the center of tomato fields, and adjusted weekly to the height of the 

canopy.  At each field location, cards were placed in 3 rows, the middle row had one card 

and was flanked by rows that each had two cards (5 cards total).  Rows containing cards were 

separated by > 10 m.  All cards were within 20 m of field edges.  Traps were replaced at 7-d 

intervals and returned to the laboratory for processing (Nault et al. 2003).  Data from VA 

traps were multiplied by 0.31 per trap to adjust for the larger surface area of the traps used in 

Virginia.   

Thrips Identification.  When 25 or fewer adult thrips per trap were collected on a trap, 

all thrips were identified to species.  When there were more than 25 thrips on a trap, the total 

number of adult thrips was counted and a random subsample of 25 thrips was removed for 
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identification to species.  The proportion of each species within the subsample was then 

multiplied by the total number of thrips captured on that trap to estimate the total number of 

each species present on the trap.  Individual thrips recovered for identification were removed 

from the plastic wrap by soaking in HistoClear solvent (National Diagnostics, Atlanta, GA) 

for 10 min.  A microscope slide was prepared for each trap collection (≤ 25 thrips per slide) 

using CMC-10 (Masters Chemical Co., Elk Grove, IL) as a clearing and mounting medium.  

Species of adult thrips mounted on slides were determined using a key to adult thrips of 

Terebrantia suborder (Palmer et al. 1992).  Voucher specimens are held at the North Carolina 

State University museum and Eastern Shore Agricultural Research and Extension center near 

Painter. 

Weather Data.  All sites were assigned weather data based on proximity to the nearest 

National Oceanic and Atmospheric Administration (NOAA) 

(http://cdo.ncdc.noaa.gov/dly/DLY) weather station (Table 1) (Fig. 1).  Daily degree-day 

data were estimated by averaging daily high and low temperature observations and 

subtracting the lower developmental threshold values of 10.5ºC for F. fusca and 11.5ºC for T. 

tabaci (Edelson and Magaro 1988; Lowry et al. 1992).   

 

[(Daily high TºC + Daily low TºC)/2] – Developmental Threshold ºC = DD (for day) 

 

Degree-days were summed from 1 January through 10 May and from 1 January through 31 

May each year at each weather station.  The date 10 May was chosen because most spring-

planted crops at risk from F. fusca or TSWV are planted by this time and would be 
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vulnerable to infestation and TSWV.  Additionally the number of dispersing F. fusca and T. 

tabaci are still increasing.  The date 31 May also was chosen because by that date, the 

majority of the spring dispersal of F. fusca has generally occurred in North Carolina (Groves 

et al. 2003).  Recorded precipitation was summed as total precipitation and as the number of 

days with precipitation from 1 January through 10 May and from 1 January through 31 May.  

Total precipitation and the number of days with precipitation data were analyzed for 

correlation to determine if either could be included as independent variables in a regression 

analysis with the total number of F. fusca and T. tabaci as the dependent variable using SAS 

for Windows (version 9.1) (PROC CORR) (SAS 2005).  No significant correlation was 

detected between total precipitation and number of days with precipitation in data used for F. 

fusca and T. tabaci analyses (r = 0.212, N = 44, P = 0.166; r = 0.206, N = 29, P = 0.284), 

respectively.   

Regression Analysis.  For each species on each sampling date, the total number of thrips 

was averaged across all traps located within a site.  For each site, the number of F. fusca and 

T. tabaci captured between 1 April – 10 May and 1 April – 31 May were recorded.  In some 

years and at some sites T. tabaci either were not identified or not collected; consequently 

only 38 site-years of data (18 sites) were used in the analyses for T. tabaci.  Frankliniella 

fusca were captured at all sites (21) in all years, resulting in 43 site-years of data, all of which 

were included in the analyses for F. fusca.  Data on the total number of dispersing thrips 

were log transformed, based on an inspection of residuals (SAS 9.1, PROC PLOT) (SAS 

2005), to stabilize variance prior to stepwise regression.  Stepwise Regression (SAS 9.1, 

PROC REG) (SAS 2005) was used to test for relationships between the total number of F. 
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fusca or T. tabaci captured between 1 April – 10 May and 1 April – 31 May, and the 

independent variables degree-days, total precipitation and the number of days with 

precipitation from 1 January – 10 May and 1 January – 31 May, respectively.   

 

Results 

 Seasonal aerial trapping from 1997 through 2001 showed very little movement of 

either F. fusca or T. tabaci from January through March of each year (Figs. 2A,B).  During 

early April and May, movement increased for both F. fusca or T. tabaci and, on average, 

peaked between 10 and 31 May each year.  The magnitude and the timing of the peak flights 

varied greatly among individual sites and years.  

 Frankliniella fusca.  Seventy percent of the total variation in the number of F. fusca 

adults captured between 1 April – 10 May each year was explained by a regression model 

that included degree-days (DD), total precipitation (PRECIP) and the number of days with 

precipitation (DP) as independent variables (F = 30.50; df = 3, 40; P = <0.001; Table 2) in 

the following equation: 

 

Ln F. fusca (1 April – 10 May) count = 0.013(DD) – 0.045(PRECIP) + 0.060(DP) – 3.831 

 

Degree-days alone accounted for 61% of the total variation, PRECIP explained an additional 

5% and DP explained the final 4%.  The total number of F. fusca captured between 1 April – 

10 May was positively related to DD and DP, but negatively related to PRECIP from 1 

January – 10 May. 



 
21 

 Results for the number of F. fusca adults captured between 1 April – 31 May were 

similar to those captured between 1 April – 10 May except that the regression model 

explained only 55% of the total variation (F = 16.39; df = 3, 40; P = <0.001; Table 2).  The 

estimated regression equation is:  

 

Ln F. fusca (1 April – 31 May) count = 0.007(DD) – 0.034(PRECIP) + 0.040(DP) – 1.531 

 

Degree-days alone accounted for 46% of the total variation, PRECIP explained an additional 

5% and DP explained the final 4%.  The total number of F. fusca captured between 1 April – 

31 May was positively related to total DD and DP, but negatively related to PRECIP from 1 

January – 31 May. 

Thrips tabaci.  Fifty-seven percent of the total variation in the number of T. tabaci 

adults captured between 1 April – 10 May each year was explained by a regression model 

that included DD, PRECIP and DP as independent variables (F = 10.42; df = 3, 24; P = 

<0.001; Table 3) in the following equation:  

 

Ln T. tabaci (1 April – 10 May) count = 0.010(DD) + 0.160(DP) – 0.061(PRECIP) – 6.239 

 

Degree-days alone accounted for 22% of the total variation, DP explained an additional 13% 

and PRECIP explained the final 21%.  The total number of T. tabaci captured between 1 

April – 10 May was positively related to total DD and DP, but negatively related to PRECIP 

from 1 January – 10 May. 
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 Results for the number of T. tabaci adults captured between 1 April – 31 May from 

38 site-years of data were similar to those captured between 1 April – 10 May except now the 

regression model explained 63% of the total variation (F = 14.42; df = 3, 25; P = <0.001; 

Table 3).  The estimated regression equation is:    

 

Ln T. tabaci (1 April – 31 May) count = 0.010(DD) – 0.088(PRECIP) + 0.114(DP) – 3.999 

 

Degree-days alone accounted for 19% of the total variation, PRECIP explained an additional 

29% and DP explained the final 15%.  The total number of T. tabaci captured between 1 

April – 31 May was positively related to total DD and DP, but negatively related to PRECIP 

from 1 January – 31 May. 

 

Discussion 

In our study from 1997 to 2001, the numbers of dispersing F. fusca and T. tabaci 

caught on yellow sticky traps in spring peaked, on average, between 10 and 31 May each 

year (Figs. 2A,B).  This is consistent with previous surveys that have described thrips 

populations as smaller during the winter, increasing rapidly with large peak flights during the 

spring, followed by an abrupt decline in numbers associated with senescence of winter hosts 

(Davidson and Andrewartha 1948b; Andrewartha and Birch 1954; North and Shelton 1986 a, 

b; Shelton and North 1986; McPherson et al. 1992; DuRant et al. 1994; Cho et al. 1995; 

Eckel et al. 1996; Gitaitis et al. 1998; Moriones et al. 1998; Groves et al. 2003).   
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The varying number of thrips captured on yellow sticky traps throughout the spring 

season is, no doubt, influenced by many factors beyond weather, including: trap 

attractiveness relative to surrounding vegetation, host plant composition, thrips population 

size and proportion of the population that is dispersing, behavior and agricultural practices.  

Yet long-term weather variables are able to explain a majority of the year to year and 

location to location variation observed in spring trap catches spanning nearly 300 mi from 

north to south and 150 mi from west to east over a 5-yr period in VA and NC, despite the 

collective impact of other factors. 

Regression analyses determined that temperature, measured as degree-days 

accumulated from 1 January, was the single most influential factor positively affecting F. 

fusca and T. tabaci populations.  Presumably, increasing temperatures in the spring 

influenced both thrips population growth rate and the suitability of their winter annual host 

plants by affecting when the plants senesced.  Degree-days accumulated between 1 January – 

10 May explained 61% of the variation about the total number of F. fusca captured between 

1 April – 10 May.  When the trapping interval was extended to 31 May, degree-days was still 

the single best explanatory variable, explaining 46% of the total variation in F. fusca 

captures.  The 15% reduction in explanatory power reflects the fact that degree-days 

continued to accumulate throughout the period of analysis, but in some years and locations 

thrips trap catches peaked and began to declined before 31 May; therefore, the power of 

cumulative degree-days to estimate the total number of adult F. fusca declined after the 

population peaked.  Although degree-days summed from 1 January was also the best 

explanatory variable for the number of T. tabaci captured between 1 April – 10 May and 1 
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April – 31 May, it explained only 22% and 19%, respectively.  Part of the disparity between 

the power of degree-days to explain variation in captures of dispersing F. fusca and T. tabaci 

in spring may result from differences in the host plant preferences of these two species.  

Groves et al. (2002) observed that spring dispersal of T. tabaci in eastern North Carolina 

occurred over a longer period of time and extended later into the spring compared with F. 

fusca.  Moreover, reproducing populations of T. tabaci occurred on fewer plant species than 

F. fusca, with the majority of immature T. tabaci collected from biennial or perennial plant 

species that are less likely to senesce in response to increasing springtime temperatures than 

winter annual species, which are the predominant winter and spring hosts of F. fusca.  

Therefore, to the extent that yellow sticky trap catches reflect the size of dispersing thrips 

populations, it is possible that the observed effect of temperature on spring dispersal of T. 

tabaci primarily reflects the direct effect of temperature on population growth rate, whereas 

the effect of temperature on F. fusca reflects not only its influence on population growth rate, 

but also on the timing of host plant senescence.   

In these models, both the amount and frequency of precipitation were important.  The 

total number of F. fusca and T. tabaci captured were negatively affected by total 

precipitation, but positively affected by the number of days with precipitation.  We expected 

these results based on previous studies.  Hard or prolonged precipitation events can kill 

young thrips larvae (Kirk 1997) and depress the population as well as suppress dispersal of 

adult thrips (Lewis 1963).  In contrast, precipitation can promote plant growth and delay 

senescence of winter hosts, allowing for increased production of thrips over a longer period 

(Chapter 2).  
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Precipitation had a relatively greater effect on T. tabaci than F. fusca.  The combined 

effects of total precipitation and the number of days with precipitation accounted for only 9% 

of the total variation in the F. fusca models versus 34 – 44% of the total variation explained 

by the T. tabaci models.  After accounting for the effect of degree-days in both F. fusca 

models, total precipitation and the number of days with precipitation accounted for an 

additional 5% and 4% of the total variation, respectively.  After accounting for the effect of 

degree-days in the regression model for the total number of T. tabaci captured between 1 

April – 10 May, the number of days with precipitation explained an additional 13% and total 

precipitation explained the final 21% of the total variation.  In the regression model for the 

total number of T. tabaci captured between 1 April – 31 May, total precipitation explained an 

additional 29% and the number of days with precipitation explained the final 15% of the total 

variation, after accounting for the effect of degree-days.   

Temperature and precipitation have varying effects on thrips populations.  With 

increasing temperature throughout the spring, there is increased thrips activity within host 

plants and population growth up to the point when winter hosts begin to senesce and thrips 

flights decline (Lowry et al. 1992; Lewis 1997; Kirk 1997).  Dry weather favors thrips 

population growth (Bailey 1933, 1934, 1944; Fennah 1965; Evans 1967).  Franssen and 

Huisman (1958) reported that infestations of Thrips angusticeps Uzel during rainy and cool 

seasons were significantly lower than those during dry and hot seasons, presumably because 

of high larval mortality and slower population growth rates (Kirk 1997).  Warm temperatures 

may be required for thrips flight to occur.  Lewis (1963) described a temperature threshold 

for take-off by Limothrips cerealium (Haliday) that was above their developmental threshold.  
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In this situation, large populations of thrips can develop during the spring while temperatures 

fluctuate between developmental and flight thresholds.  Once temperature increases above 

the flight threshold, thrips dispersal may occur en masse.  However, direct rain or heavy dew 

can prevent thrips take-off as their wing setae become saturated (Kirk 1997), despite 

conducive temperatures for flight.  Thrips populations tend to recover slowly after rain events 

due to high larval mortality, but adults and late stage juveniles, after maturity, will ultimately 

fly when environmental conditions become favorable again (Cho et al. 1989; Kirk 1997; 

Lewis 1997; Groves et al. 2001).  As suggested by the positive influence of the number of 

days with precipitation in our models, a portion of the negative effect of precipitation can be 

off-set by the positive effects on host plants, including delayed senescence of winter hosts, 

enabling them to provide a suitable habitat for thrips growth and reproduction over a longer 

period. 

Groves et al. (2003) previously reported temporal similarities between the numbers of 

dispersing F. fusca caught on yellow sticky traps and the spread of TSWV in eastern North 

Carolina.  Our results demonstrating that temperature and precipitation variables account for 

55% and 63% of the variation in the total number of dispersing F. fusca and T. tabaci caught 

on yellow sticky traps in spring suggests that it may be possible to develop weather-based 

models to predict the near-term risk of thrips flights and TSWV, although additional research 

is needed. Because our analyses indicate that specific weather variables affect thrips species 

differently, species-specific models that include degree-days, amount of rainfall, the number 

of rainfall events and perhaps other variables would have to be developed.  Weather-based 

models based on the work of Davidson and Andrewartha (1948a, 1948b) and incorporating a 
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more complex set of weather variables have been used with success as part of an early-

warning system to predict damaging populations of thrips in apples in the Adelaide Hills area 

of Australia (Kirk 1997).   
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Table 1.1.  National Atmospheric and Oceanic Administration weather stations and trapping intervals for all 21 collection sites.   
Station # State County Station Name Nearest City Distance from Station Site # Sites Year 

1 NC Wake Raleigh State Raleigh 9.0 mi S 1 **Ball 1997 

2 NC Johnston Smithfield Angier 14.2 mi W 2 **Parson 1997 

2 NC Johnston Smithfield Angier 17.2 mi W 3 Fish 1997-1999 

2 NC Johnston Smithfield Angier 13.0 mi W 4 **Jones 1997-1999 

2 NC Harnett Smithfield Angier 21.1 mi W 5 Hone 1998-1999 

3 NC Granville Oxford AG Oxford <1.0 mi N 6 Oxford 1998-1999 

4 NC Onslow Hofmann Forest Maysville <1.0 mi S 7 Mays 1998-2000 

4 NC Jones Hofmann Forest Pollocksville 5.1 mi N 8 Poll 1998-2000 

5 NC Duplin Willard 4 SW Wallace 12.3 mi E 9 Lawt 1998-1999 

5 NC Duplin Willard 4 SW Wallace 10.7 mi NE 10 Light 1998-2000 

5 NC Pender Willard 4 SW Wallace 12.8 mi E 11 Holl 1999-2000 

5 NC Duplin Willard 4 SW Wallace 12.0 mi NE 12 Shol 2000 

6 VA Accomack Painter 2W Melfa 1.0 mi NW 13 Bob 2001 

6 VA Accomack Painter 2W Melfa 6.0 mi SE 14 Cust 2000-2001 

6 VA Accomack Painter 2W Melfa 14.0 mi SE 15 Mach 2000-2001 

6 VA Accomack Painter 2W Melfa 1.8 mi SW 16 Mar 2000-2001 

6 VA Accomack Painter 2W Melfa 15.5 mi SE 17 New2 2000-2001 

6 VA Accomack Painter 2W Melfa 15.0 mi SE 18 New7 2000-2001 

7 VA Accomack Wallops Parksley 6 mi SW 19 Buzz 2000-2001 

7 VA Accomack Wallops Parksley 9 mi S 20 Park 2000-2001 

7 VA Accomack Wallops Parksley 6.5 mi SW 21 Somm 2000-2001 

** T. tabaci was not collected at these sites.  
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Table 1.2.  Regression statistics for populations of Frankliniella fusca related to degree-days (DD), total precipitation (PRECIP) and 
number of days with precipitation (DP). 

Species Capture 
Interval 

Variable Parameter Estimate SE F 
value 

P-value Partial R2 Model R2

          

F. fusca 1 April – 
10 May 

 Intercept -3.831 1.065 12.94 <0.001 - - 

  DD Β1 0.013 0.001 82.05 <0.001 0.607 - 

  PRECIP Β2 -0.045 0.014 10.22 0.003 0.047 - 

   DP Β3 0.060 0.025 5.58 0.023 0.042 - 

  Full 
Model 

 - - 30.50 <0.001 - 0.696 

          

F. fusca 1 April – 
31 May 

 Intercept -.1.531 1.167 1.72 0.197 - - 

  DD Β1 0.007 0.001 44.66 <0.001 0.464 - 

  PRECIP Β2 -0.034 0.013 7.27 0.010 0.051 - 

   DP Β3 0.040 0.022 3.29 0.077 0.037 - 

  Full 
Model 

 - - 16.39 <0.001 - 0.552 
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Table 1.3.  Regression statistics for populations of Thrips tabaci related to degree-days (DD), total precipitation (PRECIP) and 
number of days with precipitation (DP). 

Species Capture 
Interval 

Variable Parameter Estimate SE F 
value 

P-value Partial R2 Model R2

          

T. tabaci  1 April – 
10 May 

 Intercept -6.239 1.605 15.11 <0.001 - - 

  DD Β1 0.010 0.002 22.75 <0.001 0.224 - 

  DP Β2 0.160 0.041 15.32 <0.001 0.132 - 

   PRECIP Β3 -0.061 0.018 11.58 0.002 0.210 - 

  Full 
Model 

 - - 10.42 <0.001  0.566 

          

T. tabaci  1 April – 
31 May 

 Intercept -3.999 1.850 4.67 0.0405 - - 

  DD Β1 0.010 0.002 39.28 <0.0001 0.193 - 

  PRECIP Β2 -0.088 0.016 29.01 <0.0001 0.295 - 

   DP Β3 0.114 0.036 9.95 0.0042 0.146 - 

  Full 
Model 

 - - 14.42 <0.0001 - 0.634 
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Figure 1. Aerial trap collection intervals for the 21 sample sites and locations 
of the NOAA weather stations in central and eastern North Carolina and 
eastern Virginia.  Value in parentheses corresponds to the position on the 
map.  
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Figure 2. Mean number of (A) Frankliniella fusca captured at each date over 21 field 
locations and (B) Thrips tabaci captured at each date over 18 field locations in central 
and eastern North Carolina and eastern Virginia from 1997 through 2001.  Values are 
means across all sites within a year.  
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CHAPTER 2 

 

 

 

 

Spring temperature and precipitation affect Tobacco Thrips, Frankliniella fusca 

(Thysanoptera: Thripidae), population growth and Tomato Spotted Wilt Virus spread within 

patches of the winter annual weed Stellaria media.  
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Abstract 

Effects of temperature and rainfall timing, amount and duration on the spread of 

Tomato spotted wilt virus (family Bunyaviridae, genus Tospovirus, TSWV) and on the 

population growth of its’ primary vector, Frankliniella fusca (Hinds), within patches of 

chickweed (Stellaria media) were examined during spring 2004, 2005 and 2006.  Rainfall 

timing and amount experiments examined low and high levels of precipitation throughout 

spring or high levels during only March, April and May.  Rainfall duration and timing tests 

evaluated the effect of high levels of precipitation delivered over 1, 3 or 5 consecutive days 

during early and late spring.  Elevated temperature treatments were investigated in an attempt 

to alter the age structure of F. fusca populations and change the affect of precipitation, but an 

average of 1ºC increase in daily temperature only resulted in larger populations by late 

spring.  Populations of immature F. fusca were immediately and negatively influenced by 

large amounts of rainfall or by the distribution of rainfall over 3 or more days during late 

April and early May.  However, when precipitation occurred in early May and was 

distributed over 1 – 3 days, it delayed senescence of the chickweed and ultimately resulted in 

a greater number of F. fusca being produced.  The majority of TSWV spread within patches 

of chickweed occurred from mid-April through host senescence each year.  The fewest 

TSWV-infected chickweed plants occurred in plots that received high levels of precipitation 

during only April or throughout spring and was directly related to the number of immature F. 

fusca available to acquire, and subsequently transmit, the virus within each plot. 
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Introduction 

 Thrips and Tomato spotted wilt virus (family Bunyaviridae, genus Tospovirus, 

TSWV) cause extensive economic losses to crops each year.  Thrips can cause direct feeding 

and ovipositional damage as well as transmit plant viruses, such as TSWV (Broadbent et al. 

1987; German et al. 1992; Lewis 1997; Cho et al. 1995; Brecke et al. 1996; Eckel et al. 1996; 

Gitaitis et al. 1998; McPherson et al. 1999; Garcia et al. 2000; Nault and Speese 2002).  

Tomato spotted wilt virus is transmitted by least eight species of thrips and causes an 

estimated annual crop loss of >$1 billion worldwide (Prins and Goldbach 1998; Whitefield et 

al. 2005; Ohnishi et al. 2006).   

 Transmission of TSWV to healthy plants occurs only if thrips vectors acquire the 

virus while feeding as first instars on an infected plant, after which the virus is passed 

transstadially to the adult.  Noninfectious adults that feed on infected plants are unable to 

acquire and subsequently transmit TSWV.  Thus, only plants that are infected with TSWV 

and are suitable reproductive hosts for thrips vectors can serve as sources for spread of 

TSWV (Ullman et al. 1997).   

 In eastern and central North Carolina, Frankliniella fusca (Hinds) is considered the 

principal vector of TSWV, accounting for approximately 97% of vectors caught on aerial 

traps when spread of TSWV to crops is greatest (Groves et al. 2003).  In the fall, populations 

of viruliferous F. fusca disperse from summer to winter hosts growing in and around 

agricultural fields (Cho et al. 1995; Groves et al. 2001, 2002).  Spread of TSWV among 

winter annual hosts occurs during late winter and early spring when F. fusca populations are 

increasing and results in an increase in the number of TSWV-infected hosts that serve as the 
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main source for spread to susceptible crops and summer host plants (Groves et al. 2001, 

2002, 2003; Kahn et al. 2005).  In spring, spread of TSWV within crops is related to the 

abundance of TSWV sources in an area and to the timing and intensity of F. fusca flights 

from TSWV-infected sources into the crops (Groves et al. 2003; Morsello and Kennedy 

unpublished).  Late winter and early spring temperature, rainfall amount and number of days 

with rain, together, explained 70 and 55% of the variation in the numbers of F. fusca 

captured on aerial traps during periods of spring flights through 10 May and 31 May, 

respectively (Chapter 1).  The factors influencing F. fusca population growth rate and the 

spread of TSWV within winter hosts have not yet been described.   

In 2002, there were devastating levels of TSWV & record high thrips populations 

throughout the southeastern USA, but in 2003 the thrips populations and TSWV incidence 

were very low (Southern et al. 2007).  Based on records from the National Oceanic and 

Atmospheric Administration, weather conditions during those years were very different 

(http://cdo.ncdc.noaa.gov/dly/DLY).  The winter and spring of 2002 were exceptionally 

warm and dry while the winter and spring of 2003 were exceptionally wet.  Developmental 

degree-days for F. fusca, based on a 10.5ºC developmental threshold (Lowry et al. 1992), 

accumulated from January 1 – May 31 totaled 705.3 in 2002 and only 559.2 in 2003.  

Rainfall from 1 January – 31 May totaled 37.8 cm in 2002 and 60.7 cm in 2003.  Franssen 

and Huisman (1958) observed significantly lower populations of Thrips angusticeps Uzel 

during rainy and cool seasons versus hot and dry seasons, presumably due to high larval 

mortality and slower population growth rates (Kirk 1997).  Increased temperatures 

throughout the spring result in greater thrips activity within host plants, population growth 
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and numbers captured on sticky traps (Taylor 1963; Logan 1976; Lowry et al. 1992; Lewis 

1997; Kirk 1997; Pearsall and Myers 2001; Chapter 1).  Heavy rainfall has been reported to 

negatively affect thrips populations (Bailey 1933, 1934) by killing larvae (Kirk 1997) and 

suppressing adult flight (Lewis 1963).  However, rainfall may also positively influence thrips 

population growth by delaying senescence of winter host plants during late spring, allowing 

more time for thrips to proliferate.  Delayed senescence could then extend the period during 

which viruliferous thrips disperse from infected winter hosts and ultimately spread TSWV to 

crops and other host plants.  Therefore, we would expect both the incidence of TSWV in and 

size of F. fusca populations on winter hosts to be influenced positively by increasing 

temperature and negatively by greater rainfall in the spring.  However, we also anticipate late 

spring precipitation, which may delay, senescence of winter annual hosts to at least partially 

off-set the negative effects of spring rains.   

 Our study was to determine the effects of temperature and precipitation on F. fusca 

population growth on winter hosts, and the effects of precipitation and F. fusca population 

growth on the spread of TSWV within patches of winter weeds.  Common chickweed 

(Stellaria media) was chosen as a model winter weed, because it is one of the most abundant 

and commonly infected winter weed hosts of TSWV in North Carolina and supports large 

populations of F. fusca (Groves et al. 2003).   

 

Materials and Methods 

 Experimental Insects.  Frankliniella fusca were obtained from a colony maintained 

on green bean (Phaseolus vulgaris L.) at 24ºC, 65% relative humidity (RH), and 14/10 h 
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(light/ dark) photoperiod.  The laboratory colony originated from insects collected in peanut 

from the Peanut Belt Research Station (Lewiston, NC) in 1995. 

 Virus Material.  The TSWV isolate was collected in 1995 from burley tobacco, 

Nicotiana tabacum ‘B21’, and maintained in caged Emilia sonchifolia (L.) DC. ex Wight 

plants by transmission with F. fusca.   

 Field Plots.  The population growth and spread of TSWV within patches of common 

chickweed, Stellaria media (L.) Cyrillo, under different experimental precipitation regimes, 

was investigated in small-plot field experiments at North Carolina State University, Raleigh, 

North Carolina.  Common chickweed was germinated by soaking seeds in a 25% Clorox® 

solution in 10 oz clear, plastic cups (Sweetheart Cup Co., Inc. Owings Mills, MD) for 15 

min, followed by 3 tap water rinses and then left to soak in cups of tap water covered with 

clear, plastic wrap (Glad Cling Wrap, Oakland, CA) for 7 days.  The germinating seeds were 

then transferred to flats of soil (Sun Gro Metro-Mix® 200, Bellevue, WA).  Once the 

chickweed reached the four to six true leaf stage, 2048 plants were individually transplanted 

into 72-cell flats of soil (LA1206, Landmark Plastic Corp.).  For the rainfall timing and 

amount experiment, 128 of those chickweed plants were sap-inoculated with TSWV; the 

remaining 1,920 were not inoculated and served as non-infected control plants.  The TSWV 

inoculum preparation consisted of sap extract from TSWV-infected N. benthamiana Domin 

mixed 1:10 in inoculation buffer containing 0.01 M Tris buffer (pH 7.8), 5.7 mM cysteine 

hydrochloride, and 1 mM sodium sulfite.  Inoculum was maintained in an ice bath throughout 

the inoculation procedure.  Following inoculation, plants were isolated for 21 days and tested 

via double antibody sandwich (DAS)-ELISA with antisera to the N protein (Agdia, Inc. 
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Elkhart, IN) to confirm systemic infection.  Plant tissue was ground in 0.5 ml of general 

extract buffer and 100µl of the extract was pipetted into a microtiter plate well, which had 

been pre-coated with primary antibody.  The plate was stored at 4ºC overnight and then 

100µl of the secondary antibody-alkaline phosphatase conjugate was added to each well.  

After 2h, 100µl of substrate was added to each well and 1 h later the optical density (OD) of 

each well was read at 405 nm using a THERMOmax® microtiter plate reader (Molecular 

Devices Corp., Menlo Park, CA).  Samples were considered positive if the OD values 

exceeded the mean plus 4 standard deviations of the non-infected controls included in each 

plate.   

During the first week of November of 2004 and 2005, chickweed plants were 

transplanted into 64-plant field plots (1.2 x 1.2 m).  Plants within plots were arranged in 8 

rows, with 8 plants per row; in the rainfall timing and amount experiment, 4 TSWV-infected 

plants were transplanted in the 4 center positions; TSWV-free plants were transplanted in the 

remaining positions.  During the last week of January of each year, adult F. fusca were 

aspirated into 2.5 ml disposable Pasteur pipettes that were then sealed with Parafilm at each 

end to prevent escape.  Ten adult thrips (8♀, 2♂) were released from pipettes onto every 5th 

non-infected plant and 20 adult thrips (16♀, 4♂) were released on each of the 4 center plants 

to establish a F. fusca population within each field plot (total = 160♀, 40♂ per plot).  In the 

rainfall duration and timing experiment, a second release of an additional 200 adult thrips per 

plot was made during the last week of March, to boost the thrips numbers prior to the start of 

the experiment.  To minimize inter-plot movement of thrips, each plot (3 m X 3 m) was 

surrounded by a 0.6 m high barrier made from 6 mil clear, plastic sheeting (Sunbelt Plastics, 
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Monroe, LA) supported by wooden stakes.  After treatments were initiated, thrips 

populations were sampled weekly.  In the rainfall timing and amount experiment, TSWV 

infection was assessed every 3 weeks until the chickweed plants senesced in May.   

Rainfall Timing and Amount.  To examine the effects of rainfall on F. fusca 

population growth and TSWV spread within patches of chickweed, the timing and amount of 

precipitation were manipulated using rain shields to prevent precipitation from exceeding a 

pre-specified amount and overhead sprinklers to augment precipitation to a pre-specified 

level as needed.  Rain shields were constructed with a polyvinyl chloride (PVC) pipe frame 

(L 1.8 m X W 1.8 m X edge height 0.6 m) that included a 0.9 m high center peak.  The top of 

the frame was covered with chicken wire to support a removable cover of 6 mil clear, plastic 

sheeting.  Overhead sprinklers (FL-5VS Fulljet, Spraying Systems Co. Wheaton, IL; droplet 

range 700 – 1100 µm) were mounted on a PVC pipe frame (1.7 m X 1.4 m).  Precipitation 

(ambient and augmented) was monitored in each plot daily using plastic, rain gauges (RD 

1102B, Wyatte-Quarles, Garner, NC).  Precipitation was manipulated weekly to establish the 

following treatments based on precipitation that occurred during the spring of 2002 and 

2003: low precipitation, mimicking patterns in 2002 (DRY) and high precipitation, 

mimicking patterns in 2003 (WET).  Each week, DRY treatments were allowed to receive 

ambient rainfall up to levels that occurred during corresponding weeks in 2002, but were 

restricted from receiving any additional rainfall by placing rain shields over the plots when 

rain threatened.  DRY treatments did not receive augmented precipitation.  WET treatments 

received all ambient rainfall each week, and when weekly rainfall did not reach 

corresponding 2003 levels, precipitation was added using overhead sprinklers.  Remaining 
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treatments included high levels of precipitation, matching the WET treatment, only during 

March (MAR), April (APR), or May (MAY), while receiving DRY rainfall patterns during 

other months.  Additionally, we included a treatment in which ambient precipitation was 

neither limited nor augmented (AMB).  The experimental treatments were arranged in a 

randomized complete block design with four replicates in 2004.  The experiment was 

repeated during 2005.   

Frankliniella fusca populations on the chickweed in each plot were monitored every 

other week through mid March and then weekly through termination of the experiment each 

year.  On each sample date, in each plot, one 36-stem sample was collected.  The sample 

consisted of 3 stems, cut at the soil surface, from 12 plants (36 stems total) randomly selected 

from among the 60 initially non-infected chickweed plants.  The stems were placed inside 16 

oz clear, plastic containers (Sweetheart Cup Co., Owings Mills, MD) containing one P. 

vulgaris pod.  The containers were covered with screened lids (BedBug 110, Greenthumb 

Group, Downer’s Grove, IL) and held at 24ºC, 20% RH, and 14/10 h (light/dark) 

photoperiod for 72 h.  As the weeds desiccated, thrips concentrated on the bean pod, which 

remained succulent.  All adult thrips were then collected from the bean pods and the fully 

desiccated chickweed was weighed.  Immature thrips were then reared to adult stage by 

transferring them to fresh bean pods in the mesh-covered plastic containers.  All thrips 

collected from each 36 stem sample were counted and placed into a 1.5 ml flat-top 

microcentrifuge tube (Fisher Scientific Co., Pittsburgh, PA) containing 70% EtOH.  When 25 

or fewer thrips per sample were collected, all thrips were identified to species.  When there 

were more than 25 thrips per sample, all adult thrips were counted and a random subsample 
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of 25 thrips was removed for identification to species.  The proportion of F. fusca within the 

subsample was then multiplied by the total number captured in that sample to estimate the 

total number of F. fusca present in the sample.  Individual thrips recovered for identification 

were mounted on slides using CMC-10 mounting media (Masters Chemical, Elk Grove, IL) 

and later identified using a key to adult thrips of the Terebrantia suborder (Palmer et al. 

1992).  Voucher specimens were deposited in the North Carolina State University insect 

collection. 

Tomato spotted wilt infection was assessed every 3 weeks throughout the experiment.  

On each sample date, foliage from each initially non-infected plant in each plot was collected 

and pooled into composite samples representing each row within each plot (8 composite 

samples per plot).  Each composite sample was tested serologically for the presence of the 

TSWV using the DAS-ELISA procedure described above.  Each plot received an index value 

from 0-8 based on the number of TSWV-positive rows.  In the following year, each plant was 

sampled individually and TSWV infection was expressed as a proportion of the total number 

of plants per plot. 

Rainfall Duration and Timing.  To examine the effects of the rainfall duration 

during early and late spring on F. fusca population growth within patches of chickweed, 

temperature, and timing and frequency of precipitation were manipulated using heat shields 

and overhead sprinklers.  In an attempt to change the age structure of F. fusca populations in 

selected plots, a clear “heat shield” was placed over the plots to raise the temperature by 

producing a “greenhouse effect”.  Heat shields were constructed with a PVC pipe frame (1.5 

m X 1.5 m) and covered with a clear acetate sheet (Plasco LTD, Athens, Greece).  Shields 
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were designed with adjustable leg lengths set to maintain 7.6 cm between the top of the 

chickweed canopy and the acetate sheet.  Temperature was monitored in the plots hourly 

using temperature data loggers (WatchDog 100, Spectrum Technologies).  Heat shields were 

placed on half of the plots from 1 February – 15 May to establish the following experimental 

treatments: ambient temperature and elevated temperature.  Heat shields were manipulated 

daily.  Each day shields were placed over the pre-specified plots by 10am and removed by 

5pm.  When natural precipitation threatened, heat shields were removed. 

Precipitation levels were manipulated by adding 3.8 cm of precipitation to treated 

plots on two separate occasions.  Based on the rainfall timing and amount experiment, 3.8 cm 

of precipitation was expected to impact F. fusca populations.  Experimental treatments were 

as follows: natural precipitation (AMB), where no additional precipitation was added; 3.8 cm 

of precipitation within a 1 day period (approx. 1.5 h) mimicking a single heavy rain shower 

(1d); 3.8 cm of precipitation distributed over 3 consecutive days (approx. 1.27 cm delivered 

over 30 min each day) mimicking spring showers (3d); and 3.8 cm of precipitation 

distributed over 5 consecutive days mimicking 5 days of drizzle (5d).  Precipitation was 

applied using overhead sprinklers as described previously.  In the 1d and 3d treatment, 

sprinklers were fitted with a Fulljet (FL-5VS Fulljet, Spraying Systems Co.; droplet range 

700 – 1100 µm) nozzle.  In the 5d treatment, overhead sprinklers were fitted with a Conejet 

(TX-1 Conejet, Spraying Systems Co.; droplet range 190 – 265 µm) nozzle for a fine mist.  

To achieve the desired drizzle affect over a 5 day period, the overhead sprinklers in the 5d 

treatment plots were turned on for 15 min per hour to deliver 0.15 cm of precipitation per 

hour between 10am – 3pm each day (total 0.75 cm/day and 3.8 cm over the 5 day period).  
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To prevent drift from occurring while treatments were applied, each 5d plot was surrounded 

on all sides with 1.8 m high barrier of 6 mil clear, plastic sheeting (Sunbelt Plastics, Monroe, 

LA) supported by 2.1 m tall PVC poles at each of the corners of the plot.    

The experiment was a split plot design with temperature treatments serving as main 

plots (ambient and elevated) and the rainfall distribution treatments (AMB, 1d, 3d and 5d) 

serving as subplots.  Rainfall distribution treatments were randomized within temperature 

treatments and applied twice during the season; first during late April (18 – 22 April) and 

then again during early May (8 – 12 May).  The experiment had a total of 8 treatment 

combinations.  Main plots were replicated four times.  Six sample dates from April 18 – May 

24 were considered for analyses of immature populations.  Because adult populations on 18 

April were extremely low (means ranged from 2.25 – 5.4 F. fusca per treatment), the analysis 

was conducted using 5 sample dates from 24 April – 24 May (Fig. 9B).    

After the first release of adult F. fusca, field plots were sampled to assess the size of 

thrips populations on 21 February, 28 February, 14 March and 22 March.  Based on low 

thrips numbers, a second release of F. fusca adults was conducted during the last week of 

March, as previously described, to increase the population size within plots.   

On each sample date, two randomly selected whole plants were cut at the soil surface 

and placed inside 5.6 L white plastic containers (Venture Packaging Inc., Monroeville, OH) 

containing two P. vulgaris pods.  The containers were covered with screened lids (BedBug 

110) and placed in an enclosed laboratory chamber maintained at 24ºC, 20% RH, and 14/10 

h (light/dark) photoperiod for 72 h.  Thrips were reared to adult and identified as described in 

the rainfall timing and amount experiment.   
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Statistical Analysis.  All analyses were conducted using SAS for Windows (version 

9.1).  In experiment 1, the numbers of thrips per plant sample were standardized to number 

per 50 g of dry weight of chickweed tissue and square root transformed based on inspection 

of residuals (SAS 9.1, PROC PLOT) (SAS 2005) to stabilize variance prior to analysis.  To 

explore the relationship between rainfall, F. fusca populations and TSWV spread within 

winter host plants, analyses were restricted to the latter part of the experiment beginning in 

mid-April when populations began to diverge among treatments and when the majority of 

TSWV movement occurred.  During 2004 chickweed senesced by 10 May, therefore 

analyses were based on 5 weeks of population counts from mid-April through 10 May.  In 

2005, chickweed senesced by 31 May and analyses were based on 8 weeks of population 

counts from mid-April through 31 May.   

To test for temporal differences among treatments, immature and adult F. fusca 

counts were subjected to repeated measures one-way analysis of variance (ANOVA) (SAS 

9.1) with mean separation by Fisher’s protected least significant difference (LSD) tests at P = 

0.05 (PROC GLM; LSMEANS) (SAS 2005).  Comparisons of mean cumulative TSWV 

incidence among treatments were conducted using ANOVA and Fisher’s protected LSD tests 

at P = 0.05 (PROC GLM) (SAS 2005).  Regression analysis was used to test for relationships 

between TSWV incidence and the independent variables, rainfall amount that occurred 

during the experimental time period and the mean cumulative number of immature and adult 

F. fusca sampled during the experimental time periods (PROC REG) (SAS 2005). 

In the rainfall duration and timing experiment, daily degree-day data were estimated 

by averaging the hourly temperature observations and subtracting the lower developmental 
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threshold value of 10.5ºC for F. fusca (Lowry et al. 1992) and summed from 1 February 

through the duration of the experiment.  Frankliniella fusca numbers per whole plant were 

log-transformed based on inspection of residuals (SAS 9.1, PROC PLOT) (SAS 2005) to 

stabilize variance prior to analysis.  Analyses of immature and adult F. fusca were restricted 

to the 6 and 5 week periods, 18 April – 24 May and 24 April – 24 May, respectively, which 

encompassed the experimental treatments.  To test for temporal differences among 

treatments, immature and adult F. fusca counts were subjected to repeated measures ANOVA 

with sample date treated as a sub-sub plot factor (PROC MIXED) (SAS 2005).   Based on 

results from the repeated measures analysis and specific a priori hypotheses regarding 

expected differences in the size of the F. fusca populations, precipitation and temperature 

effects were tested at each sample date (using the SLICE option in the LSMEANS 

statement).  Additional pairwise comparisons between treatments were carried out (using 

CONTRAST statements) for dates where treatment effects were significant and also for the 

average over 10 May and 17 May sample dates.  These samples dates were averaged because 

the 10 May collection occurred during the second application of precipitation treatments (8 – 

12 May).   

 

Results 

Rainfall Timing and Amount.  Precipitation amounts received by each treatment are 

shown in figures 1A and 1B.  Significant natural precipitation events that affected all 

treatments occurred on 12 April 2004, 10 April 2005 and 17 May 2005.  Natural precipitation 

(AMB) in 2004 was almost identical to the DRY treatments and, in contrast, during 2005 



 
54

natural precipitation (AMB) through early April was generally more similar to the WET than 

the DRY treatment, but more closely resembled the DRY treatment during May.   

During 12 - 16 April, 2004, natural precipitation totaling 1.8 cm, fell over a 5-day 

period and 5.1 cm of additional precipitation was added using overhead sprinklers to the 

APR and WET treatments (Fig. 1A).  Immature F. fusca populations were, on average, 

reduced by 68% across all treatments compared to samples collected just prior to the 

precipitation event (Fig. 2A,2B).  Adult F. fusca populations, however, were generally 

unaffected (Fig. 3A,3B).  There were no other major, natural rainfall events that caused a 

large reduction in the immature populations, but during the remaining two weeks of April, 

the APR and WET treatments continued to receive augmented levels of precipitation (Fig. 

1A).  Immature F. fusca populations in the APR treatment remained low for the duration of 

the experiment (Fig. 2A) and although immature F. fusca populations in the WET treatment 

increased during the remaining weeks (Fig. 2B), their overall mean population size during 

the experiment was low (Fig. 6A).  All other treatments received low levels of precipitation 

during the remainder of April and their immature F. fusca populations rebounded quickly 

(Fig. 2A,2B).  Immature F. fusca in the MAY treatment received a high level of precipitation 

only during the first week of May before the experiment was terminated, immediately after 

that event, thrips numbers were lower than only those in the MAR treatment (Fig. 2A,2B).   

Overall, adult F. fusca populations were not immediately affected by precipitation 

events (Fig. 3A,3B).  In the repeated measures analysis, the effect of precipitation on 

immature and adult F. fusca populations averaged over 5 weeks was highly significant (F5, 15 

= 3.72; P = 0.02 and F5, 15 = 4.81; P = <0.01, respectively).  The immature and adult F. fusca 
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populations were both highest in the AMB, DRY, MAR and MAY treatments and lowest in 

the WET and APR treatments (Fig. 6A).   

 In 2005, during the 2nd week of April, natural precipitation totaling 2.5 cm, fell over 

a 3-day period from 12 – 14 April, and two days later on 16 April, 4.3 cm of additional 

precipitation was added to APR and WET treatments using overhead sprinklers.  Immature 

F. fusca populations were reduced in all treatments by an average of 41% compared to 

samples collected just prior to the precipitation event (Fig. 4A,4B).  Over the next two 

weeks, the APR and WET treatments continued to receive augmented levels of precipitation 

(Fig. 1B) and their immature F. fusca populations remained low (Fig. 4A,4B).  Meanwhile, 

all other treatments received low levels of precipitation during the remainder of April and 

their immature F. fusca populations rebounded (Fig. 4A,4B).  Adult F. fusca populations 

remained relatively unaffected by the precipitation treatments through April, although, those 

in the AMB treatment remained low through April (Fig. 5A,5B).  During the 3rd week of 

May, 1.0 cm of natural precipitation fell over a period of 6 days from 16 – 21 May, and the 

MAY and WET treatments received an additional 4.8 cm of precipitation via overhead 

sprinklers during that same 6-day period (Fig. 1B).  This prolonged natural rainfall event 

suppressed immature F. fusca populations in all treatments by an average of 54% (Fig. 

4A,4B).  MAY and WET treatments continued to receive high levels of precipitation over the 

next two weeks (Fig. 1B), resulting in even greater reductions in their immature F. fusca 

populations (Fig. 4A,4B).  The other treatments received no additional precipitation during 

that same time period (Fig. 1B) and immature F. fusca populations rebounded (Fig. 4A,4B).  

During this same time period, adult F. fusca populations across all treatments were not 
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immediately affected by these precipitation events, but generally reflected the cumulative 

treatment effect on immature F. fusca populations (Fig. 5A,5B).   

In the repeated measures analysis of the 2005 dates, the effect of precipitation for 

immature and adult F. fusca populations averaged over 8 weeks was significant (F5, 15 = 3.73; 

P = 0.02 and F5, 15 = 3.17; P = 0.04, respectively).  The largest populations of immature F. 

fusca occurred in the AMB, MAR and MAY plots, and lowest populations were collected 

from DRY, APR and WET treatments (Fig. 6B).  The largest populations of adult F. fusca 

were collected from AMB, DRY and MAR plots, and lowest populations were collected 

from APR, MAY and WET treatments (Fig. 6B).  The large number of immature F. fusca 

collected from the MAY treatment reflects the greater size of the population over 5 weeks of 

the experimental period, just prior to the second large, natural precipitation event.   

Tomato spotted wilt virus spread during 2004 was initially detected at low levels 

during the first week of April in only one plot and then at increasingly higher levels during 

the last week of April and the second week of May.  In 2005, TSWV spread was first 

detected mid-March in one plot and then at low levels during the first week of April, 

accounting for <10% of the total virus movement detected throughout the duration of the 

experiment.  The majority of the virus spread in 2005 occurred during the last week of April, 

but spread continued through May.  In both years the mean final virus incidence varied 

significantly among treatments (2004: F5, 15 = 4.98; P = 0.007) (2005: F5, 15 = 3.49; P = 

0.027).  During 2004, lowest incidence of TSWV occurred in the AMB, WET and APR 

treatments (Fig. 7A).  During 2005, lowest incidence of TSWV occurred in WET and APR 

treatments while highest incidence of TSWV occurred in AMB, DRY, MAR and MAY 
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treatments (Fig. 7B).  DRY and MAY treatments were intermediate, as was the mean number 

of thrips in those same treatments (Fig. 6A,6B).   

Regression analysis was used to examine the relationship between TSWV incidence 

and the independent variables, rainfall amount and mean number of immature and adult F. 

fusca populations.  In both years significant relationships were not detected between TSWV 

incidence and the independent variables rainfall amount (2004: F1, 4 = 2.02; P = 0.23) (2005: 

F1, 4 = 3.01; P = 0.16) or adult F. fusca populations (2004: F1, 4 = 0.29; P = 0.61) (2005: F1,4 = 

4.90; P = 0.09).  However during 2004, 64% of the total variation in the final virus incidence 

among treatments was explained by the mean number of immature F. fusca (F1, 4 = 7.12; P = 

0.06) (Fig. 8A).  And in 2005, that same regression explained 91% of the final virus 

incidence among treatments (F1, 4 = 42.29; P = <0.01) (Fig.8B).   

Rainfall Duration and Timing.  In the repeated measures analysis of this 

experiment, the overall temperature by precipitation interactions for immature and adult F. 

fusca analyzed by week for 6 and 5 weeks, respectively, were not significant (Immature: F3, 

18 = 0.90; P = 0.46; Adult: F3, 18 = 0.43; P = 0.73), nor were the overall temperature by 

precipitation by week interactions (Immature: F15, 120 = 0.85; P = 0.62; Adult: F12, 96 = 0.67; P 

= 0.77).  The precipitation by week (F15, 120 = 5.40; P = <0.01) and temp by week interactions 

(F15, 120 = 3.42; P = <0.01) were highly significant for immature F. fusca, but not for adults 

(F12, 96 = 0.66; P = 0.79 and F4, 96 = 1.83; P = 0.13, respectively).   

Precipitation.  Frankliniella fusca populations began to increase mid-April, and as 

the ambient (AMB) treatment shows, peaked in mid-May (Fig. 9A,9B).  The effect of 

precipitation examined by week, over the 6 week period (18 April – 24 May), varied 
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significantly among treatments for immature F. fusca populations during sample dates 24 

April, 10 May and 17 May together, and 24 May (Fig. 9A).  Immature F. fusca collected on 

24 April, immediately after the first application of augmented precipitation treatments during 

late April (18-22 April), varied significantly among precipitation treatments (F3, 120 = 5.82; P 

= <0.01).  The 3d and 5d treatments did not differ significantly from each other (P = 0.50), 

but both were significantly lower than the AMB and 1d treatments (P < 0.02), which did not 

differ from each other (P = 0.75) (Fig. 9A).  The average number of immature F. fusca 

collected on 10 May and 17 May varied significantly among treatments with all groups that 

received 3.8 cm of augmented precipitation lower than the ambient regardless of whether 

precipitation occurred over 1, 3 or 5 days (P < 0.05).  There were no significant differences 

among augmented precipitation groups (P > 0.76) (Fig. 9A).  The number of immature F. 

fusca collected on 24 May also varied significantly among precipitation treatments (F3, 120 = 

7.96; P = <0.01) as the populations were rebounding from the last round of augmented 

precipitation treatments.  The AMB treatment was significantly lower than the 1d and 3d 

treatments (P < 0.04), the 1d treatment differed from the larger 3d treatment (P = <0.01) and 

the 5d treatment was intermediate to the AMB and 1d treatment (P > 0.12) (Fig. 9A).    

Temperature.  Heat shields placed over half of the experimental plots from 1 

February – 15 May increased the temperature in those plots an average of 1.0ºC daily (Range 

= 0 – 3.3ºC).  Shields were removed from elevated temperature plots on 15 May to avoid 

causing early senescence of the chickweed.  The first release of adult F. fusca was made 

during the last week of January and a second release of adults was made during the last week 

of March.  The population resulting from the first release in elevated temperature plots was 
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maintained under the heat shields from 1 February – 15 May and accumulated 486.9 degree-

days, whereas those in ambient temperature plots accumulated only 388.8 degree-days.  The 

population resulting from the second release in elevated temperature plots was maintained 

under heat shields from 27 March – 15 May earned 373.4 degree-days, whereas those in 

ambient temperature plots earned only 298.4 degree-days.   

The effect of temperature examined by week, over the 6 week period (18 April – 24 

May), varied significantly for immature F. fusca collected on 18 April and 24 May.   On 18 

April, there were significantly more immature F. fusca collected in ambient temperature plots 

(F1, 120 = 6.81; P = 0.01), but by 24 May, significantly more immature F. fusca were collected 

from elevated temperature plots (F1, 120 = 14.60; P = <0.01) (Fig. 10A).  Although the overall 

affect of temperature by week was not significant for adults when analyzed over the 5 week 

period (24 April – 24 May), samples taken on 17 May had significantly more adult F. fusca 

in elevated plots (F1, 96 = 5.23; P = 0.02) (Fig. 10B).  By 24 May, the numbers of adult F. 

fusca collected across treatments were similar.   

 

Discussion 

During late winter and early spring in North Carolina, TSWV is spread among winter 

annual host plants by increasing populations of F. fusca, resulting in an increase in the 

number of TSWV-infected winter hosts available to serve as sources for spread to susceptible 

crops and summer host plants in the spring (Groves et al. 2001, 2002, 2003; Kahn et al. 

2005).  The number of TSWV sources in an area and the timing and intensity of F. fusca 

flights from TSWV-infected sources into crops is associated with the incidence of TSWV 
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within crops (Groves et al. 2003; Morsello and Kennedy unpublished).  As precipitation and 

temperature have been found to explain much of the variation in F. fusca captures on aerial 

traps during periods of spring flights (Chapter 1), our current study was designed to 

specifically examine the effects of precipitation and, to a lesser extent, temperature, on F. 

fusca population development and TSWV spread within patches of winter hosts.  The results 

of both experiments indicate that precipitation affects immature F. fusca populations to a 

greater extent than adult F. fusca populations.  Effects on adult F. fusca populations in our 

experiments may be dampened by continual immigration, emigration and other unrelated 

mortality factors, so for these reasons, our general focus throughout the discussion is on the 

immature F. fusca populations.   

In the rainfall duration and timing experiment, temperature treatments were imposed 

in an attempt to change the age structure of the F. fusca population and alter the affect of 

precipitation; however, significant precipitation by temperature interactions were not 

observed because the heat shields did not raise the temperature enough to greatly shift the 

thrips populations age structure.  Repeated measures analysis indicated that a 1ºC increase in 

daily temperatures throughout spring did not result in larger immature or adult F. fusca 

populations in chickweed until mid to late May.  Development of F. fusca from oviposition 

to adult requires 234.1 degree-days, of which, 115.5 degree-days are required for egg 

development (Lowry et al. 1992).  Based on the number of degree-days accumulated 

throughout the duration of the experiment, F. fusca populations would have accumulated 

enough to complete only two larval cohorts before host plant senescence occurred during the 

last week of May.  Differences in temperature treatments may not be obvious with adult F. 
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fusca populations due to continuous dispersal activity to and from chickweed host plants 

(Groves et al. 2003; Chapter 1).  Increasing temperatures throughout spring may increase F. 

fusca population growth rates (Lowry et al. 1992; Lewis 1997; Kirk 1997), but will only 

result in a larger F. fusca population if their host plants remain viable through the 

development of at least the egg and larval stages.   

Previous studies have shown that precipitation influences thrips populations and that 

both the amount and timing of rainfall differentially impact the populations by killing larvae, 

delaying flight or affecting host plant composition (Bailey 1933, 1934; Davidson and 

Andrewartha 1948; Lewis 1963; Kirk 1997; Chapter 1).  To examine the role of precipitation 

on F. fusca populations and TSWV spread in winter hosts, treatments were initially designed 

to test the influence of various amounts of rainfall over each month during spring.  In both 

years, elevated levels of precipitation during April or throughout spring resulted in decreased 

populations of F. fusca.  Examination of weekly sample data for immature and adult 

populations of F. fusca collected from chickweed indicated that, in general, immature 

populations were more immediately and negatively impacted by large amounts of rainfall or 

by the distribution of rainfall over several days.  Numbers of adult F. fusca were not affected 

immediately following any precipitation event but instead tended to reflect, with some delay, 

the effect of precipitation on the immature stages.   

Results of the rainfall duration and timing experiment confirmed that immature F. 

fusca populations were negatively affected by both the timing and the duration of 

precipitation, while adult populations within chickweed were not.  Following the mid-April 

precipitation treatments, the number of immature F. fusca collected from treatments that 
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received 3.8 cm of precipitation in just 1 day were unaffected, while those that received the 

same amount over a 3 or 5 day period were reduced over 50%.  These results indicate that 

early spring precipitation events extended over 3 or more days can be expected to cause 

significant reductions in immature F. fusca populations immediately after the event.  After 

the mid-May precipitation treatments, all treated immature F. fusca populations were 

similarly reduced, regardless of whether 3.8 cm of precipitation was distributed over 1, 3 or 5 

days.  Therefore, these results indicate that heavy rainfall during late spring also results in 

smaller immature F. fusca populations immediately after the event and suggests that the 

greater negative impact of late spring precipitation distributed over 3 days on immature F. 

fusca populations was ameliorated by its positive effect of delaying senescence of chickweed 

plants during late spring.  By 24 May, the largest immature F. fusca populations were 

collected from the 3 day treatment, second largest populations in the 1 day treatment and 

lowest populations in the ambient treatments in which the declining host plants were rapidly 

senescing.  The size of the immature F. fusca populations in the 5 day treatment was 

intermediate to the 1 day and ambient treatment.  So, although precipitation negatively 

affected immature F. fusca populations immediately after large precipitation events, over 

time, the positive effect of increased amounts of precipitation distributed over 1-3 days on 

host plants can ultimately result in a greater number of F. fusca produced as the suitability of 

host plants is prolonged.  It is possible that these treatments provided the host plants with 

different levels of usable moisture.  During the 1 day treatment, which was applied over 1.5 

h, there was considerable run-off from the plots, which did not occur in the 3 day treatment.  

In the 5 day treatment, it is likely that there was considerable evaporation and less soil 
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penetration of the moisture than in the 3 day treatment.  The effects of precipitation will vary 

depending on the amount and duration of a precipitation event as well as the time over which 

the event occurs during spring.     

 Tomato spotted wilt spread within patches of chickweed was indirectly influenced by 

precipitation and temperature that affected immature F. fusca populations.  The majority of 

TSWV spread occurred from mid-April through host senescence each year.  Lowest virus 

incidence occurred in treatments that received high levels of precipitation throughout the 

duration of the experiment, and those that received high levels of precipitation only during 

April.  Regression analysis showed that the size of immature F. fusca populations were best 

explained the variation in the amount of TSWV spread among treatments.  Therefore, TSWV 

incidence increased within winter host plants with increasing immature F. fusca populations.  

These results are not unexpected, since TSWV transmission relies on immature thrips to 

acquire the virus while feeding (Ullman et al. 1997; Whitfield et al. 2005).  Our chickweed 

patches could be viewed as a microcosm for the entire landscape that is made up of a 

patchwork of winter hosts available to serve as sources for TSWV spread to susceptible crops 

in the spring.  The rate of increase of F. fusca populations within patches of winter hosts 

across an entire region will affect the accumulation of TSWV-infected winter hosts and 

dispersal of TSWV to crops in the spring regionally.   

   We previously demonstrated that late winter and spring temperature and 

precipitation explains 70% and 55% of the variation in the total number of adult F. fusca 

caught on sticky traps between April and 10 May or 31 May, respectively (Chapter 1).  These 

results document that late winter and spring temperature and precipitation directly affect the 
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development of F. fusca populations on overwintering host plants.  Further, they demonstrate 

that these effects result in differences in spread of TSWV among winter host plants.  Late 

winter and spring temperature and precipitation can be expected to influence the abundance 

and distribution of TSWV-infected hosts as well as the size of the vector population available 

to spread the virus to susceptible crops.  Hot and dry conditions, like those that occurred in 

North Carolina during the late winter and spring of 2002, favor increased growth of F. fusca 

populations and accumulation of TSWV-infected winter hosts and, presumably, a greater 

proportion of viruliferous F. fusca in the dispersing vector population in the spring.   
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Figure 2. Effect of 2004 levels of precipitation on immature F. fusca collected 
from (A) MAR, APR, MAY, (B) AMB, DRY and WET treatments. 
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Figure 10. Effect of temperature on the mean number of (A) immature 
and (B) adult F. fusca per whole plant sample averaged across all plots 
within temperature treatments.
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CHAPTER 3 

 

 

 

 

Weather-based regression models explain differences in Frankliniella fusca (Thysanoptera: 

Thripidae) spring dispersal flights in North Carolina and Virginia.  
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Abstract 

 Effects of temperature and precipitation on the seasonal dispersal patterns of the 

tobacco thrips, Frankliniella fusca (Hinds), caught on yellow, sticky traps were estimated in 

central and eastern North Carolina and eastern Virginia from 1997 to 2001 and 2004 to 2007.  

Data collected from 66 sites within 15 locations over 9 years resulted in 46 location-years of 

data, of which, 30 were selected for model development and the remaining 16 were used for 

validation.  Regression analysis of the 30 location-years of data determined that temperature 

and specific intervals of precipitation explained 60%, 74%, 68% and 69% of the variation in 

the total number of dispersing F. fusca captured during 1 – 15 April, 16 – 30 April, 1 – 15 

May and 16 – 31 May, respectively.  Temperature, measured as degree-days accumulated 

from November 1 through 15 April, 30 April, 15 May and 31 May, positively influenced the 

number of adult F. fusca captured during each collection interval.  Precipitation that occurred 

during late March, late April, early May and late May were important to the dispersal 

dynamics of F. fusca during each collection interval.  Late March and late April rainfall 

effects on dispersing F. fusca were negative and delayed, by killing immature larvae in host 

plants, resulting in fewer adults available for dispersal later.  Late April and late May rainfall 

effects on dispersing F. fusca were negative and immediate, as precipitation restricted adult 

flight.  During early May, precipitation positively influenced the population by sustaining 

host plants and allowing for production of more F. fusca over time.  The 16 remaining 

location-years of data were used for validation and resulted in a weak correlation between 

observed and expected values for each collection interval, but there were similar trends for 

each location over time.  Future work towards development of near-term risk models for F. 
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fusca flights and Tomato Spotted Wilt Virus (family Bunyaviridae, genus Tospovirus) on an 

area-wide basis will most likely require additional parameters to better capture the late-

season host plant dynamics. 
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Introduction 

Thrips infestations are known to cause large economic losses to many crops due to 

feeding and ovipositional damage or by transmission of plant viruses, such as the Tomato 

Spotted Wilt Virus (family Bunyaviridae, genus Tospovirus, TSWV) (Broadbent et al. 1987; 

German et al. 1992; Lewis 1997; Cho et al. 1995; Brecke et al. 1996; Eckel et al. 1996; 

Gitaitis et al. 1998; McPherson et al. 1999; Garcia et al. 2000; Nault and Speese 2002).  We 

have only a limited understanding of the factors that contribute to the spread of TSWV and, 

although management tools are available for some crops, they are generally not fully 

effective and TSWV remains a serious problem.  A better understanding about the temporal 

pattern and occurrence of TSWV and its vector populations is required for future 

development of better management tools.   

Throughout the southeastern United States, the onion thrips, Thrips tabaci Lindeman, 

tobacco thrips, Frankliniella fusca (Hinds) and western flower thrips, Frankliniella 

occidentalis (Pergande) are important vectors of TSWV (Morgan et al. 1970; McPherson and 

Beshear 1990; Salguero Navas et al. 1991; Cho et al. 1995; Chatzivassiliou et al. 1999, 2002; 

Cabrera-LaRosa and Kennedy 2007).  However, in North Carolina F. fusca is the most 

prevalent vector of TSWV in the early season, when spread to crops is greatest (Groves et al. 

2003).  In the fall, populations of F. fusca disperse from summer to winter hosts, consisting 

largely of winter annuals growing in and around agricultural fields (Cho et al. 1995; Groves 

et al. 2001, 2002).  Throughout late winter and early spring, TSWV is spread among winter 

hosts by increasing populations of F. fusca, resulting in a pool of TSWV-infected winter 

hosts available to serve as sources for spread to susceptible crops and summer host plants in 
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the spring (Groves et al. 2001, 2002, 2003; Kahn et al. 2005; Chapter 2).  In the spring, 

dispersal patterns of tobacco thrips from winter annual hosts to crops and summer annual 

hosts exhibit considerable spatial and temporal variation.  Previously, we showed that late 

winter and early spring temperatures, rainfall amount and number of days with rain explained 

70% and 55% of the variation in the numbers of F. fusca captured on aerial traps during the 

periods 1 April through 10 May and 31 May, respectively (Chapter 1).  The number of F. 

fusca captured during 1 April – 10 May and 1 April – 31 May was negatively related to the 

amount of precipitation that occurred during 1 January – 10 May and 1 January – 31 May, 

respectively, but positively influenced by degree-days and the number of days with 

precipitation accumulated during those same intervals.  Through a series of experiments, we 

showed that the timing, amount and duration of precipitation differentially impacted F. fusca 

populations on winter host plants during early and late spring (Chapter 2).  During early 

spring, large amounts of precipitation distributed over 3 or more days suppressed immature 

F. fusca populations.  During late Spring, immature F. fusca populations were suppressed 

immediately following large precipitation events, but with increased precipitation during 

early May, the suitability of host plants was prolonged and a greater number of F. fusca was 

produced during late May.  Based on these results, it would not be surprising if the timing, 

amount and duration of precipitation throughout spring, as well as temperature, influence the 

number of adult F. fusca captured on yellow, sticky traps during spring flights.  

Here, we report the results of a study designed to determine if periods of precipitation 

during spring and temperature (measured as degree-days) could explain and predict the 

number of F. fusca adults captured on yellow, sticky traps during periods of spring dispersal.  
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Using aerial trapping data collected from North Carolina and Virginia during the spring 

seasons of 1997 – 2001, 2004 and 2007, we evaluated the influence of cumulative degree-

days, from late Fall through Spring, and approximately 15-day intervals of precipitation on 

the number of F. fusca caught on traps from 1 – 15 April, 16 – 30 April, 1 – 15 May and 16 – 

31 May, when populations disperse from their winter hosts to newly planted crops and 

summer host plants.  Aerial trapping data collected during the spring seasons of 2005 and 

2006 were used to test the accuracy of the resulting regression equations to predict the 

numbers of F. fusca captured during each trapping interval. 

 

Materials and Methods 

Aerial Trap Collection.  From 1997 to 2001 and 2004 to 2007, spring dispersal of F. 

fusca was monitored at 66 field sites in central and eastern North Carolina and eastern 

Virginia.  Not all field sites were monitored in each year (Fig. 1).  During 2002 and 2003, 

trapping data were not collected.  Each year, trapping was initiated before crops were 

planted.  In North Carolina the fields were planted to tobacco, soybean or cotton at various 

times during the trapping period.  In Virginia, the fields were planted to tomato.  Traps in 

North Carolina consisted of cylindrical, PVC pipe (7.5 cm length X 2.5 cm diameter) spray 

painted yellow (John Deere Yellow Model 981®, Spray Products Corp., Norristown, PA) and 

wrapped with Tanglefoot-coated plastic wrap (Great Lakes Integrated Pest Management 

(IPM), Vestaburg, MI).  Traps were fastened to a wooden dowel and set at a height of 1 m 

above the soil.  From 1997 to 2000 at each field site, four traps, separated by 10 m, were 

arranged in a linear pattern along one side of the field to avoid interference with any cultural 
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practices.  From 2004 to 2007 at each field site, four to six traps were separated by > 10 m 

and arranged around fields, with one trap on each field edge, to avoid interference with any 

cultural practices.  Vegetation within an area of ca. 0.4 m2 surrounding each trap was 

removed.  Between 1 April and 31 May of each year, traps were replaced at ~7-d intervals.  

Recovered traps were returned to the laboratory where the Tanglefoot-coated plastic was 

removed from the PVC cylinder and sandwiched between two pieces of transparent plastic 

wrap (S.C. Johnson & Son, Inc., Racine, WI).  

 In Virginia, yellow sticky cards (7.6 cm X 12.7 cm, both sides exposed) were 

fastened to trellis supports in the center of tomato fields, and adjusted weekly to the height of 

the plant canopy.  At each field location, cards were placed in 3 rows, the middle row had 

one card and was flanked by rows that each had two cards (5 cards total).  Rows containing 

cards were separated by > 10 m.  All cards were within 20 m of field edges.  Traps were 

replaced at 7-d intervals and returned to the laboratory for processing (Nault et al. 2003).  

Data from VA traps were multiplied by 0.31 per trap to adjust for the larger surface area of 

the traps used in Virginia.   

Thrips Identification.  When 25 or fewer adult thrips were collected on a trap, all 

thrips were identified to species.  When there were more than 25 thrips on a trap, the total 

number of adult thrips was counted and a random subsample of 25 thrips was removed for 

identification to species.  The proportion of each species within the subsample was then 

multiplied by the total number of thrips captured on that trap to estimate the total number of 

each species present on the trap.  For all traps, individual thrips recovered for identification 

were removed from the trap and mounted on a microscope slide.  Species of adult thrips were 
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determined using a key to adult thrips of the Terebrantia suborder (Palmer et al. 1992).  

Voucher specimens are held at the North Carolina State University museum and Eastern 

Shore Agricultural Research and Extension center near Painter. 

Weather Data.  All field sites were grouped into locations based on proximity to 

each other and assigned weather data from the nearest National Oceanic and Atmospheric 

Administration (NOAA) (http://cdo.ncdc.noaa.gov/dly/DLY) weather station.  No field site 

was greater than 25 miles from another field site grouped within the same location.  Daily 

degree-day data were estimated by averaging daily high and low temperature observations, 

converting values from Fahrenheit to Celsius, and subtracting the lower developmental 

threshold values of 10.5ºC for F. fusca (Lowry et al. 1992).  Degree-days were summed from 

1 November through 15 April, 30 April, 15 May and 31 May each year at each weather 

station.  The date 1 November was chosen as the start date for degree-day accumulation 

based on inspection of Fall trapping data from 1997 through 2000 (Groves et al. 2003), 

which revealed 1 November as the average midpoint for F. fusca dispersal from summer 

hosts to winter hosts.  The dates 15 April, 30 April, 15 May were each chosen as the end 

dates for degree-day accumulation to match the end dates of the 15-day F. fusca dispersal 

intervals of interest.  The date 31 May was chosen as the final date of the last interval 

because the majority of spring dispersal had occurred in North Carolina by that time (Groves 

et al. 2003).   

Recorded precipitation was converted from inches to centimeters and summed as total 

precipitation and as the number of days with precipitation during successive intervals, each 

approximately 15 days, from 1 January to 31 May.  For example, precipitation amount was 
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partitioned into the following intervals: 1 – 15 January, 16 – 31 January, 1 – 15 February, 16 

– 28 February, 1 – 15 March, 16 – 31 March, 1 – 15 April, 16 – 30 April, 1 -15 May and 16 – 

31 May.  Total precipitation and the number of days with precipitation during each interval 

were then analyzed for correlation using SAS for Windows (version 9.1) (PROC CORR) 

(SAS 2005) to determine if both could be included as independent variables in regression 

analyses with the number of F. fusca as the dependent variable.  Highly significant 

correlations were detected between total precipitation and number of days with precipitation 

for every 15-day interval tested, except 1 – 15 February.  Therefore, to test the influence of 

both rainfall variables on the number of F. fusca collected from aerial traps, we combined 

them into a single variable, “rainfall intensity”, by multiplying the amount of precipitation by 

the number of days with precipitation that occurred during each interval.   

Statistical Analysis.  On each sampling date, the total number of F. fusca was 

averaged across all traps located within a field site.  Because the ~7 day trapping interval 

dates were not the same over each of the 9 years, the number of F. fusca collected during 

every interval was divided by the number of days the traps between sample dates, to estimate 

the number of F. fusca collected per trap per day.  Then, for each field site in each year, the 

number of F. fusca per trap per day was summed within the periods 1 – 15 April, 16 – 30 

April, 1 – 15 May and 16 – 31 May.  For each interval these values were averaged across 

field sites, within each location (Fig. 1) to estimate the dispersing F. fusca population within 

the location during each interval.  The 1 – 15 April, 16 – 30 April, 1 – 15 May and 16 – 31 

May intervals together cover the period during which the majority of F. fusca spring 

dispersal occurs in the Coastal Plain of North Carolina (Groves et al. 2003).   
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Frankliniella fusca were captured at 15 locations over 9 years, resulting in 46 

location-years.  Of those 46 location-years, 30 collected during 1997 – 2001, 2004 and 2007 

were selected for model development, due to the wide-ranging values of both F. fusca 

captures and weather data.  The remaining 16 location-years of data collected during 2005 

and 2006 were reserved to test the predictive power of the models.   

Data on the total number of dispersing F. fusca during each interval were log 

transformed, based on an inspection of residuals (SAS 9.1, PROC PLOT) (SAS 2005), to 

stabilize variance prior to stepwise regression.  The 30 location-years of trapping data used 

for model development, were subjected to stepwise regression (SAS 9.1, PROC REG), 

correlation (SAS 9.1, PROC CORR) and graphic analysis (SAS 9.1, PROC PLOT) (SAS 

2005) to test for relationships between the total number of F. fusca captured during each 

collection interval (1 – 15 April, 16 – 30 April, 1 – 15 May and 16 – 31 May) and the rainfall 

intensity estimates for successive 15-day intervals during the period beginning 1 January and 

ending on the final date of each collection interval.  In conducting these tests, each rainfall 

intensity interval was entered as a separate independent variable.  Only those that were 

significant in all three tests were included along with degree-days summed from 1 November 

through the final date of each collection interval as independent variables to test for 

significant relationships with the number of F. fusca collected during 1 – 15 April, 16 – 30 

April, 1 – 15 May of 16 – 31 May using stepwise regression (SAS 9.1, PROC REG) (SAS 

2005).  Only those variables that were significant at P < 0.15 were included in the final 

regression model for each collection interval. 
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Based on these results, a separate equation was developed for each trapping interval: 

1 – 15 April, 16 – 30 April, 1 – 15 May and 16 – 31 May.  To evaluate how well each 

equation predicts the number of F. fusca captured during each interval, weather data for the 

16 validating location-years was entered into the regression equation for each thrips capture 

interval to calculate the expected number of F. fusca captured during each interval.  Plots of 

observed and expected values for each thrips capture interval were evaluated using 

correlation analysis (SAS 9.1, PROC CORR) (SAS 2005).  To evaluate how well the 

equations, together, predicted the temporal pattern of thrips catches for each validating 

location, plots of observed and expected values of the number of F. fusca collected over all 

collection intervals were evaluated using correlation analysis (SAS 9.1, PROC CORR) (SAS 

2005).   

 

Results 

1 – 15 April Collection Interval.  Sixty percent of the total variation in the number 

of F. fusca adults captured between 1 – 15 April each year was explained by a regression 

model that included degree-days and the late March rainfall intensity factor as independent 

variables (F 2, 27 = 20.33; P = <0.01; Table 1).  Degree-days alone accounted for 39% of the 

total variation and late March rainfall intensity explained the final 21%.  The total number of 

F. fusca captured between 1 – 15 April was positively related to degree-days, but negatively 

related to late March rainfall intensity.   

16 – 30 April Collection Interval.  Seventy-four percent of the total variation in the 

number of F. fusca adults captured between 16 – 30 April each year was explained by a 
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regression model that included late March rainfall intensity, degree-days and the late April 

rainfall intensity factor as independent variables (F 3, 26 = 25.06; P = <0.01; Table 1).  Late 

March rainfall intensity alone accounted for 58% of the total variation, degree-days 

explained an additional 14% and late April rainfall intensity explained the final 3%.  The 

total number of F. fusca captured between 16 – 30 April was positively related to degree-

days, but negatively related to late March rainfall intensity and late April rainfall intensity.   

1 – 15 May Collection Interval.  Results for the number of F. fusca adults captured 

between 1 – 15 May each year were similar to those captured between 15 – 30 April, except 

that the regression model explained only 68% of the total variation (F 3, 26 = 18.37; P = <0.01; 

Table 1).  Late March rainfall intensity alone accounted for 47% of the total variation, 

degree-days explained an additional 15% and late April rainfall intensity explained the final 

6%.  The total number of F. fusca captured between 1 – 15 May was positively related to 

degree-days, but negatively related to late March rainfall intensity and late April rainfall 

intensity. 

16 – 31 May Collection Interval.  Sixty-nine percent of the total variation in the 

number of F. fusca adults captured between 16 – 31 May each year was explained by a 

regression model that included the late May rainfall intensity factor, late April rainfall 

intensity, degree-days and the early May rainfall intensity factor as independent variables (F 

4, 25 = 13.80; P = <0.01; Table 1).  Late May rainfall intensity alone accounted for 34% of the 

total variation, late April rainfall intensity and degree-days explained an additional 22% and 

9%, respectively, and early May rainfall intensity explained the final 3%.  The total number 

of F. fusca captured between 16 – 31 May was positively related to degree-days and early 
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May rainfall intensity, but negatively related to late May rainfall intensity and late April 

rainfall intensity.   

Validation.  On each date, correlations between observed and expected values for 

each of the 16 validating location-years were not significant (Fig. 2).  However, looking at 

the dynamics of F. fusca dispersal over time at each location, revealed that the correlations of 

observed and expected values over the four collection intervals were significant (r ranged = 

0.96 – 0.99) for 10 of the 16 locations (Figs. 3,4).  On average across locations, the observed 

and expected values for the number of F. fusca captured on aerial traps during the first three 

intervals, 1 – 15 April, 16 – 30 April and 1 – 15 May, followed similar trends with exception 

of the 2005 Mont, Smithfield and Snow locations and the 2006 Kinston location.  During late 

May, prediction of the collected number of F. fusca was less consistent. 

 

Discussion 

During Fall, populations of F. fusca disperse to winter hosts, where increasing 

temperatures throughout late winter and early spring result in increasing populations of F. 

fusca and spread of TSWV among winter hosts (Cho et al. 1995; Groves et al. 2001, 2002, 

2003; Chapter 2).  During Spring, as temperature and day length increase, winter annual host 

plants grow rapidly, flower, set seed and, depending on moisture and temperature, senesce as 

early as late April or as late as early June.  Populations of F. fusca are growing and 

dispersing from their host plants as adults throughout Spring.  Populations of immature thrips 

on their host plants are suppressed by precipitation distributed over a number of days, but in 

late spring, the negative effect of precipitation events is ameliorated over time because 
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rainfall also delays senescence of host plants, allowing F. fusca populations to continue 

growing (Chapter 2).  When the host plants senesce, population growth ceases and thrips are 

forced to disperse to newly planted crops or summer annual hosts as they become adults.  We 

previously demonstrated that 70% to 55% of the variation in F. fusca caught on yellow traps 

during spring was explained by temperature and precipitation accumulated from January 

through 10 and 31 May, respectively (Chapter 1), and that the timing, amount and duration of 

precipitation events affected F. fusca populations within patches of chickweed (Chapter 2).  

Our current study was designed to examine the effects of precipitation during specific 

intervals in later winter and early spring in combination with temperature accumulated 

throughout the entire overwintering period on the number of F. fusca captured on yellow, 

sticky traps during periods of spring flights.   

Precipitation.  Although we previously demonstrated that both precipitation amount 

and the number of days with precipitation affect thrips populations, it was not appropriate to 

include both of these parameters as separate independent variables in the current regression 

analysis because they were highly correlated within each of the 13 to 15 day precipitation 

intervals we investigated.  Therefore, to capture both of these aspects of precipitation, we 

pooled them into a single variable, rainfall intensity, which represents the product of the 

amount of precipitation and the number of days with precipitation during the time interval in 

question. 

Regression analysis determined that late March rainfall intensity, late April rainfall 

intensity, early May rainfall intensity and late May rainfall intensity all play important roles 

in the dynamics of F. fusca dispersal during Spring, but their roles changed over time.  
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Rainfall during late March exhibited a strong, negative relationship with the number of adults 

collected during the 1 – 15 April, 16 – 30 April and 1 – 15 May collection intervals and the 

partial regression coefficient was similar for all intervals (-0.03 to -0.02) (Table 1).  Because 

late March precipitation occurred prior to the April and early May adult trapping intervals, it 

did not immediately affect the adults, but apparently reduced the number of adults available 

to disperse during April and early May by killing larvae present within winter host plants 

during late March (Chapter 2).  This would also be the case for rainfall occurring during late 

April, which exhibits a similar negative influence on the number of adult F. fusca dispersing 

during the 1 – 15 May and 16 – 31 May collection intervals (Table 1).  However, the 

immediate and negative affect of rainfall intensity occurring during the same interval that 

dispersing adults were trapped, as seen with late April rainfall intensity with late April 

trapping intervals and late May rainfall intensity with late May adult trapping intervals, 

respectively, presumably reflects the immediate, suppressive effect of rainfall on thrips flight 

(Kirk 1997).  The influence of rainfall during early May was different, as it exhibited a 

positive relationship with the number of adults collected during late May.  Presumably, the 

positive influence of rainfall during early May was the result of delayed senescence of the 

winter host plants, which allowed more time for F. fusca populations to proliferate (Chapter 

1,2).     

Temperature.  Because average Fall and Winter temperatures in the Coastal Plain of 

North Carolina often exceed 10.5ºC, the F. fusca developmental threshold, it is not surprising 

that temperature, measured as degree-days accumulated from 1 November through 15 April, 

30 April, 15 May and 31 May, positively influenced the number of adult F. fusca captured 
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during each collection interval (Table 1).  For the 1 – 15 April collection interval, degree-

days was the single best explanatory variable and alone explained 39% of the variation in the 

number of adult F. fusca collected on aerial traps.  During later collection intervals, 

cumulative degree-days was not the best single explanatory variable for the total number of 

F. fusca captured between 16 – 30 April and 1 – 15 May, but was able to explain an 

additional 14% and 15%, respectively, after accounting for the effect of late March rainfall 

and an additional 9% for the 16 – 31 May interval after accounting for the effects of late May 

and late April rainfall.  The influence of cumulative degree-days was reduced during late 

May, as indicated by its partial regression coefficient (0.002 versus 0.006, 0.005, and 0.005 

for 1 – 15 April, 16 – 30 April and 1 – 15 May, respectively) (Table 1), suggesting that the 

power of degree-day accumulation to explain the number of dispersing adult F. fusca 

declined with time.  Increasing temperatures during late Spring increased F. fusca population 

growth rates as well as the rate of host plant decline.  Host plant maturity and senescence 

caused the dispersing F. fusca population to peak and decline despite further degree-day 

accumulation.  Currently, the timing of host plant decline is not well accounted for in these 

equations.   

Validation.  We tested the ability of these models to predict the number of F. fusca 

using trapping data from spring 2005 and 2006.  The models did not provide adequate 

prediction of the number of F. fusca actually collected at each location during any collection 

interval (Fig. 2), but were somewhat better at predicting changes in the number of F. fusca 

captured over time through 15 May.  In most cases however, the model failed to adequately 

predict the numbers of adults trapped during the last two weeks of May (Fig. 3,4).  This 
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failure indicates that factors, in addition to temperature and precipitation, are especially 

important in influencing the number of F. fusca adults dispersing during late May.  As 

discussed previously, the timing of host plant senescence can influence the timing and 

magnitude of F. fusca flights during late spring (Groves et al. 2003), and although 

temperature and precipitation affect the timing of winter host plant senescence (Chapter 1,2), 

those affects are not separately accounted for with our models at this time.  To better capture 

the effects of host plant senescence and thrips dispersal, future models might include 

measures of soil moisture combined with temperature to estimate the timing of senescence. 

Numerous other factors unrelated to weather also influence the timing and magnitude 

of thrips dispersal and the number of thrips caught on sticky traps.  These factors include, but 

are not limited to: trap attractiveness relative to surrounding vegetation, host plant abundance 

and species composition, impact of natural enemies, behavior, and agricultural practices.  For 

example, land preparation activities such as spring tillage and the use of glyphosate to kill 

winter weeds prior to planting in conservation tillage regimes are widespread and 

dramatically affect dispersal of F. fusca populations.  Conventional tillage using a disk 

harrow dramatically and immediately reduces the thrips populations and subsequent thrips 

dispersal from disked fields (Beaudoin and Kennedy unpublished).  In contrast, spring 

application of glyphosate to kill winter weeds in agricultural fields, which is also very 

common across the agricultural landscape in the Coastal Plain of North Carolina, causes 

weeds to senesce and die over a period of several days to more than a week, depending on 

temperature, resulting in an increase in the number of dispersing F. fusca from glyphosate 

treated weeds during the two week period following the application than from winter weeds 
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that were not treated with glyphosate (Beaudoin and Kennedy unpublished).  Nonetheless, 

the same intervals of rainfall and cumulative degree-days are consistently able to explain a 

majority of the year to year and location to location variation observed in spring trap catches 

spanning nearly 300 mi from north to south and 250 mi from west to east over a 7-yr period 

in VA and NC, despite the collective impact of any other factors.   

We have previously shown that weather influencing F. fusca populations also 

influences TSWV spread in host plants and host plant suitability (Chapter 2).  Temperature, 

measured as developmental degree-days over the entire overwintering period, influences F. 

fusca population growth, amount of TSWV spread within host plants and, during late spring, 

the timing of host plant senescence.  Rainfall during late March and late April reduces the 

number of adult F. fusca available to disperse during 1 April – 15 May and 1 – 31 May, 

respectively, by killing immature thrips present on winter host plants during the rainfall 

events (Chapter 2).  Rainfall during late April and late May immediately and negatively 

influences the number of adult F. fusca captured in flight during late April and late May, 

respectively, by restricting adult flight (Lewis 1997).  Reduction in the number of immature 

F. fusca on host plants has been shown to result in reductions in the number of TSWV-

infected plants and, presumably, the number of viruliferous F. fusca available to disperse to 

newly planted crops and summer annual host plants (Chapter 2), while temporary restrictions 

in adult flight would only serve to delay the dispersal of viruliferous thrips and spread of 

TSWV from winter host plants to spring crops and summer hosts (Groves et al. 2003).  

Rainfall that occurred during early May positively influences the number of adult F. fusca 
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captured in flight during late May by delaying host plant maturity and, ultimately, allowing 

more F. fusca to mature and disperse as adults (Chapter 2). 

The models presented here use temperature and specific intervals of precipitation to 

account for 60%, 74%, 68% and 69% of the variation in the total number of dispersing F. 

fusca caught on yellow, sticky traps during 1 – 15 April, 16 – 30 April, 1 – 15 May and 16 – 

31 May.  Independent data used for validation resulted in weak correlation of observed and 

expected values on each date, but similar trends for each location over time through 15 May, 

suggesting that to develop weather-based models may be useful in predicting the near-term 

risk of thrips flights and TSWV, although additional research to identify other important 

parameters is needed.  Because prediction of the number of F. fusca captured on yellow, 

sticky traps during late May was inconsistent, future models might include soil moisture, as 

well as, other variables to help capture the dynamics of host plant senescence during that 

period of time when F. fusca populations are forced to disperse to additional hosts.  It is 

however, unlikely that models that include only weather parameters as independent variables 

will be able to predict the magnitude and timing of thrips dispersal at the field level in a 

complex agricultural landscape.  Such models are likely to be of greater value in predicting 

the general permissiveness of the weather for thrips population growth and dispersal on an 

area-wide basis. 
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Table 3.1.  Regression statistics for dispersing populations of Frankliniella fusca during successive time intervals in spring related to 
degree-days (DD) and rainfall intensity (RI). 
 

Date 

Equation to estimate the number of log-transformed F. fusca  P-
value 

Model 
R2 

1 - 15 
April 

= -1.10+(0.006)(DD)-(0.02)(Late March RI)  <0.01 
 

0.60 
 

  P-value       <0.01                  <0.01                                   

  
Partial 
R2 

        0.39                    0.21                                 
  

16 - 30 
April 

= 0.31-(0.03)(Late March RI)+(0.005)(DD)-(0.01)(Late April RI)  <0.01 
 

0.74 
 

  P-value              <0.01                        <0.01                    0.12   

  
Partial 
R2 

               0.58                          0.14                    0.03 
  

1 - 15 
May 

= 0.22-(0.02)(Late March RI)+(0.005)(DD)-(0.02)(Late April RI) <0.01 
 

0.68 
 

  P-value            <0.01                      <0.01                    0.04   

  
Partial 
R2 

             0.47                        0.15                    0.06 
  

15 - 31 
May 

= 2.12-(0.02)(Late May RI)-(0.02)(Late April RI)+(0.002)(DD)+(0.01)(Early May RI) <0.01 
 

0.69 
 

  P-value            <0.01                        <0.01                      0.06                      0.12   

  
Partial 
R2 

             0.34                          0.22                      0.09                      0.03 
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Camden (8) 
Kinston (9) 
Greene (10)

 S. Sampson (11)
Mont (12) 

Duplin (13) 
Craven (14) 

N. Sampson (15) 
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Figure 1. Aerial trap collection intervals for each of the 15 locations associated 
with a different NOAA weather station in central and eastern North Carolina and 
eastern Virginia.  Value in parentheses corresponds to the position on the map 
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Figure 2. Plots of observed versus the expected number of dispersing F. 
fusca captured on yellow, sticky traps during each trapping interval in 2005 
and 2006.  Expected values are based on regression models for each 
trapping interval.  Each data point represents the observed and expected 
value for a specific location in one year during the specific interval. 
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Figure 3. Plots of observed versus the expected number of dispersing F. fusca 
over time for each of the trapping locations in 2005.  Observed values are 
actual numbers of F. fusca caught on sticky traps during the 15-day period 
ending on the date indicated on the x-axis; expected values are numbers 
predicted for that location by regression models for the same period indicated 
on the x-axis. 
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Figure 4. Plots of observed versus the expected number of dispersing F. fusca 
over time for each of the trapping locations in 2006.  Observed values are actual 
numbers of F. fusca caught on sticky traps during the 15-day period ending on 
the date indicated on the x-axis; expected values are numbers predicted for that 
location by regression models for the same period indicated on the x-axis.
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During Fall in North Carolina, populations of F. fusca disperse to winter hosts from 

senescing summer hosts (Groves et al. 2001, 2002, 2003; Kahn et al. 2005).  During late 

Winter and early Spring, as temperature and day-length increase, winter annual host plants 

grow rapidly and, depending on moisture and temperature, mature as early as late April or as 

late as early June.  Populations of F. fusca during this time are growing and continually 

dispersing as adults.  Dispersal of viruliferous F. fusca to other winter hosts increases the 

number of TSWV-infected winter hosts available to act as sources for subsequent spread to 

susceptible crops and summer host plants in Spring.  The number of TSWV sources in an 

area and the timing and intensity of F. fusca flights from TSWV-infected sources into crops 

is associated with the incidence of TSWV within crops (Groves et al. 2003; Morsello and 

Kennedy unpublished).  Temperature and precipitation have previously been used to describe 

fluctuations in dynamics of thrips populations, and these studies were designed to examine 

the effects of precipitation and temperature on populations of F. fusca on and incidence of 

TSWV infected winter host plants, as well as, on F. fusca dispersal from winter host plants to 

spring crops and summer annual hosts.   

Initially, we set out to quantify the effect of cumulative precipitation, number of days 

with precipitation and temperature from 1 January through 10 May and 1 January through 31 

May on the numbers of two vector species, F. fusca and T. tabaci, captured during 1 April 

through 10 May and 1 April through 31 May, respectively, using aerial trapping data 

collected from 1997 through 2001.  In the resulting models, each weather variable was 

significant in explaining variation for both thrips species.  Temperature, measured as degree-

days, was the single best explanatory variable.  For F. fusca, degree-days accumulated from 1 
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January – 10 May and 1 January – 31 May explained 61% and 46% of the variation about the 

total number of F. fusca captured between 1 April – 10 May and 1 April – 31 May, 

respectively.  When the trapping interval was extended to 31 May, the power of cumulative 

degree-days to estimate the total number of adult F. fusca decreased because population 

peaks occurring earlier in some years and locations.  For T. tabaci, degree-days summed 

from 1 January was also the best explanatory variable for the number of T. tabaci captured 

between 1 April – 10 May and 1 April – 31 May, but explained only 22% and 19% of total 

variation in trap catch, respectively.  Some of the disparity between the power of degree-days 

to explain variation in captures of dispersing F. fusca and T. tabaci populations in spring may 

be attributed to differences in the host plant preferences of these two species.  Thrips tabaci 

dispersal was observed over a longer period of time during spring, populations were collected 

on fewer plant species than F. fusca and the majority of immature T. tabaci populations were 

collected from biennial or perennial plant species that are less likely to senesce in response to 

increasing springtime temperatures than winter annual species, which are the predominant 

winter and spring hosts of F. fusca (Groves et al. 2002).  Therefore, the data indicate that the 

observed effect of temperature on spring dispersal of T. tabaci reflects primarily the direct 

effect of temperature on population growth rate, whereas the effect of temperature on F. 

fusca reflects not only its influence on population growth rate, but also a strong effect on the 

timing of host plant senescence.   

The effect of both the amount and frequency of precipitation were important and had 

a comparatively greater effect on T. tabaci than F. fusca.  The total number of F. fusca and T. 

tabaci captured in flight were positively related to degree-days and the number of days with 
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precipitation, but negatively related to total precipitation.  Combined in a single model, 

degree-days, total precipitation and the number of days with precipitation explained 70% and 

55% of the total variation in the number of F. fusca captured from 1 April through 10 May 

and from 1 April through 31 May, respectively.  The independent variables collectively 

explained 57% and 63% of the total variation in the number of T. tabaci captured from 1 

April through 10 May and from 1 April through 31 May, respectively.  These results suggest 

that weather plays an important role in thrips population dynamics and that it may be 

possible to develop weather-based models to predict the near-term risk of thrips flights and 

TSWV, although additional research is needed.   

Since precipitation and temperature were found to explain much of the variation in F. 

fusca captures on aerial traps during periods of spring flights, the next study focused on the 

effects of precipitation and to a lesser extent, temperature, on F. fusca population 

development and TSWV spread within patches of winter hosts.  Temperature treatments 

were imposed in an attempt to change the age structure of the F. fusca population and alter 

the affect of precipitation; however, precipitation by temperature interactions were not 

observed because the heat shields did not raise the temperature enough to greatly shift the 

thrips populations age structure.  However, a 1ºC increase in daily temperatures throughout 

spring did result in larger immature and adult F. fusca populations in chickweed by mid to 

late May.   

A series of experiments indicated that the timing, amount and duration of 

precipitation differentially impact F. fusca populations on winter host plants during early and 

late spring and affect immature F. fusca populations to a greater extent than adult F. fusca 
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populations.  This was not surprising as previous work has reported sharp declines in thrips 

populations following heavy rain events (Bailey 1933),  Adult thrips are potentially able to 

escape to the underside of leaves (North and Shelton 1986) or survive on the surface tension 

of the meniscus (Wardle 1927), whereas immature thrips are often killed (Kirk 1997).  

During early Spring, precipitation distributed over a number of days suppressed immature F. 

fusca populations.  During late Spring, immature F. fusca populations were suppressed 

immediately following precipitation events in early May, but because early May precipitation 

also delayed senescence of winter hosts, a greater number of F. fusca was produced during 

late May.    

Tomato spotted wilt spread within patches of chickweed was indirectly influenced by 

precipitation and temperature that affected immature F. fusca populations.  Virus incidence 

increased within winter host plants with increasing immature F. fusca populations.  These 

results were not unexpected, since TSWV transmission occurs only if immature thrips 

acquire the virus while feeding (Ullman et al. 1997).  These chickweed patches can be 

viewed as a microcosm of the entire landscape that is made up of a patchwork of winter hosts 

available to serve as sources for TSWV spread to susceptible crops in the spring.  The rate of 

increase of F. fusca populations within winter hosts across an entire region will affect the 

accumulation of TSWV-infected winter hosts and dispersal of TSWV to crops in the spring 

regionally.   

Although a considerable amount of variation in F. fusca dispersal flights from April 

through May was previously explained by temperature and precipitation accumulated from 

January through May (Chapter 1), knowledge of the effect of the timing, amount and 
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duration of precipitation events on F. fusca populations within patches of chickweed 

(Chapter 2) prompted the final study, in which we examined the effects of specific intervals 

of precipitation during later winter and early spring and temperature accumulated throughout 

the entire overwintering period on the number of F. fusca captured on yellow, sticky traps 

during periods of spring flights.  Analysis of trapping data from 1997 to 2001, 2004 and 2007 

determined that degree-days positively influenced the number of adult F. fusca captured on 

aerial traps and rainfall that occurred during late March, late April, early May and late May 

each play important roles in the dynamics of F. fusca dispersal during Spring.  Late March 

and late April rainfall that occurred prior to adult trapping intervals did not directly affect the 

number of adults, but rather reduced the number of adults subsequently available to disperse 

presumably by killing them during the larval stages (Chapter 2).  Rainfall that occurred 

concurrently with trapping intervals during late April and late May, presumably reflects the 

suppressive effect of rainfall on thrips flight (Lewis 1997).  Rainfall that occurred during 

early May indirectly and positively influenced the number of F. fusca captured on traps 

during late May, presumably by delaying senescence of the winter host plants and allowed 

more time for F. fusca populations to proliferate (Chapter 1,2).   

Additional trapping data from 2005 and 2006 used to test the ability of the developed 

regression models to predict the number of F. fusca captured on yellow, sticky traps resulted 

in inadequate prediction of the actual number of F. fusca captured at specific field sites.  The 

models were better at predicting changes in the number of F. fusca captured over time 

through mid May, but in most cases the models failed to predict the number of thrips 

captured during late May.  This failure indicated that factors, in addition to temperature and 
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precipitation, are especially influential on the number of adult F. fusca dispersing during late 

May.  The timing of host plant senescence can influence the timing and magnitude of F. 

fusca flights during late Spring (Groves et al. 2003).  Although temperature and precipitation 

affect the timing of winter host senescence (Chapter 1,2), the affects are not separately 

accounted for in our models.  Future models might include soil moisture, as well as, other 

variables to help capture the dynamics of host plant senescence during that period of time 

when F. fusca dispersal is concentrated.  However, it is unlikely that models that include only 

weather parameters will be able to adequately predict the actual magnitude and exact timing 

of thrips dispersal at a field level.  Models as such are likely to be of greater value in 

predicting the general permissiveness of the weather for thrips population growth and 

dispersal on an area-wide basis.  And as previous analyses indicated that specific weather 

variables affect thrips species differently, species-specific models would have to be 

developed based on the biology of each species of interest.   
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